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Abstract
A prototype scanning tunneling microscope has been built in the Laboratory for
Manufacturing and Productivity at MIT previous to this thesis work. The purpose of this
thesis work is to improve the performance of the scanning tunneling microscope for other
applications such as the surface modification in nanometer range. The scanning
tunneling microscope has been tested and evaluated for modifications and increased
performance. The piezoelectric driver and the output amplifier circuit of the scanning
tunneling microscope has been characterized for its frequency response. The scanning
tunneling microscope's electrical noise has been reduced and the stability of the STM tip
has been improved. These efforts have improved the STM's ability to image the highly
ordered pyrolytic graphite(HOPG) surface. After the improvements, successful images of
HOPG surface were readily obtained with bias voltages in the range of 20 to 50 mV at the
tunneling current of 1 to 15 nA. The corrugation amplitudes were usually around 1 to 3
angstroms. The scanning speed were chosen to scan at as low as 10 atoms per second to
as high as 360 atoms per second. The giant corrugation effect in scanning HOPG has
been experimentally observed with the corrugation amplitudes of up to 12 angstroms.
The implementation of constant current mode of operation has been successful, and the
HOPG surface imaged in constant current mode is presented. Although attempts were
made to modify the surface of HOPG in air, the modifications were not obtained.
Thesis Supervisor: Kamal Youcef-Toumi
Title: Associate Professor of Mechanical Engineering
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Chapter 1
Introduction
A prototype scanning tunneling microscope has been built in the Laboratory for
Manufacturing and Productivity at Massachusetts Institute of Technology previous
to this thesis work. The purpose of this thesis work is to improve the performance
of the scanning tunneling microscope for other applications such as surface
modification in nanometer range.
In 1981, Binnig and Rohrer and coworkers at the IBM Zurich Research
Laboratory conducted the first successful scanning tunneling microscopy
experiments. Since its invention, the scanning tunneling microscope has been
gaining much attention and research in this area has been growing. However,
although there are growing number of commercial STM makers, other possible
applications are not exploited. With this in mind, Ohara built a prototype scanning
tunneling microscope in the Laboratory for Manufacturing and Productivity at
MIT in 1992 to study possible applications in other areas. The scanning tunneling
microscope built by Ohara is a low cost table top STM operated in air.
This thesis is organized in the following way. First, the background on
scanning tunneling microscope is discussed in Chapter 2. The background is
covered by discussing the history of the development of a successful STM by
Binnig and Rohrer, reviewing the basic concept of the original STM, and
explaining the general components of a typical STM.
After the brief discussion on the background of STM, in Chapter 3, the
hardware side of the scanning tunneling microscope built by Ohara is described,
evaluated, and analyzed. The piezoelectric driver and the output amplifier circuit
of the scanning tunneling microscope is characterized for its frequency response.
In Chapter 4, the software side of the scanning tunneling microscope is
discussed. The relationship between the output amplifier signal and the gap is
discussed. Also, the coarse and fine approach methods are explained as well as the
scanning parameters.
The Chapter 5 presents the results of the scanning experiments on highly
ordered pyrolytic graphite sample. The general structure of HOPG as well as ideal
STM images of HOPG are also included.
In Chapter 6, a brief review of some of the conventional micro-lithography
technology as well as the current research work in the field of nanometer scale
direct write technology using scanning probe microscopy. Then, the experimental
work on surface modification is presented.
Chapter 2
Background on STM
In this chapter, the general background information regarding the scanning
tunneling microscopy is discussed. First the history behind the development of the
first successful scanning tunneling microscope is discussed. Then, the general
basic concept of the scanning tunneling microscope is explained by discussing the
original STM. In the last section, the major components of a scanning tunneling
microscope is discussed to provide some basic information on STM hardware.
2.1 History
In March 1981, Binnig and Rohrer and coworkers at the IBM Zurich Research
Laboratory conducted the first successful scanning tunneling microscopy
experiments. In recognition of their contribution to the development of scanning
tunneling microscopy, the Nobel prize in physics for 1986 was awarded to Binnig
and Rohrer together with Ruska who developed the electron microscopy. In this
section, the history of the research in electron tunneling phenomena prior to the
development of scanning tunneling microscopy by Binnig and Rohrer will be
discussed.
Although the scanning tunneling microscopy was developed in 1981, the
electron tunneling phenomena was known for over sixty years since the
formulation of quantum mechanics. According to the law of wave-mechanics
theory, an electron which can be described by a wave function has a finite
probability of entering a classically prohibited region. Therefore, the electron can
tunnel through a potential barrier which separates two classically allowed regions
even with insufficient kinetic energy. Frenkel published in 1930, the general
expression of the tunneling current intensity which was found to be exponentially
dependent on the potential barrier width. [Frenkel] The tunneling current is
measurable only for ultra-small gaps because of this exponential relationship.
In 1961, Giaever successfully observed experimentally the electron tunneling
phenomena in metal-oxide-metal junctions. For his contribution to the
understanding the electron tunneling phenomena, Giaever shared the Nobel prize
in physics for 1973 along with Esaki and Josephson. Esaki experimentally
observed electron tunneling in p-n junctions and Josephson predicted the tunneling
of Cooper pairs between superconductors. However, the experiments for
observation of electron tunneling in the better defined metal-vacuum-metal
junctions were still not attempted. Gieaver's reason for choosing the metal-oxide-
metal junction was to avoid the problems in controlling the vibration in the metal-
vacuum-metal gap of less than 100 A which is required to measure the tunneling
current.
The first successful observation of metal-vacuum-metal electron tunneling was
obtained by Young et al. in 1971. They also developed the typografiner which
used the three piezoelectric axis to scan the sample in x and y-axis and control the
gap in z-axis. Although the topography of the sample surface was obtained, the
resolution of typografiner was 30 A in vertical direction and 4000 A in lateral
direction. Again because of the vibration problem, the gap remained at several
hundred aingstroms and the atomic resolution images could not be achieved. Thus,
the scanning tunneling microscopy remained undeveloped until 1981 when it was
first successfully demonstrated by Binnig and Rohrer. [Wiesendanger and
Guntherodt]
2.2 Basic Concept
One of the best way to understand the basic concept of scanning tunneling
microscopy is to go back to look at Binnig and Rohrer's work on the development
of the first scanning tunneling microscope. In this section, brief overview of
Binnig's original schematic of scanning tunneling microscope will be presented
along with a discussion of the principle of it's operation.
The schematic of the physical principle and initial technical realization of STM
is shown in Figure 2-1. The apex of the tip (left) and the sample surface (right) at
a magnification of about 108 is shown in (a). The solid circles indicate atoms and
the dotted lines are electron density contours. The path of the tunnel current is
given by the arrow. The tip and sample scaled down by a factor of 104 is shown in
(b). The STM with rectangular piezo drive X, Y, Z of the tunnel tip at left and
"louse" L (electrostatic "motor") for rough positioning (gm to cm range) of the
sample S at right is shown in (c). [Binnig and Rohrer, 1984]
When the sharp tip is brought close to a conducting sample to a distance on the
order of a few flngstroms, their electronic wavefunctions overlap. When a bias
voltage in the range of 1 mV to 4 V is applied, a tunneling current in the range of
0.1 nA to 10 nA can flow from an occupied electronic state of one electrode to the
vacant state of the other electrode. The principle of scanning tunneling
microscopy is based on this tunneling current phenomenon.
By using a piezoelectric driver system as shown in Figure 2-2, "topographic"
image of a sample can be obtained. [Binnig and Rohrer, 1983] In Binnig's
scanning tunneling microscopy system, the metal tip is fixed to an orthogonal
corner of the piezodrive Px, Py, and Pz which are made out of commercially
(b)
Schematic of the physical principle and initial technical realization of
STM. From[Binnig, Physica, 1984]
Vp
Principle of operation of the Scanning Tunneling Microscope (STM).
(Note that distances and sizes are not to scale.) © 1982 The American
Physical Society.
Figure 2-1.
Figure 2-2.
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available piezoceramic material. The tunneling current IT is expressed in function
of the gap width s:
IT  VTexp(-ks), (2.1)
where k is the decay constant of a sample state near the Fermi level in the barrier
region and s in A. The decay constant is discussed further in Section 4.1. When
the gap s changes by an angstrom, IT changes by an order of magnitude. The
control unit CU applies voltages to the Px and Py to scan the tip over the sample.
In feedback mode, the control unit maintains a constant current IT while scanning
the surface by applying V, to the piezo Pz. Then, at the corresponding constant
decay constant, VZ(Vx, V,) gives the topography of the surface, z(x, y).
In the above described scanning method of Binnig's original work, the
scanning tunneling microscope is operated in the constant current mode. More
detailed discussion on constant current mode is provided in Section 4.3. In the
constant current mode, the gap between the tip and surface remains constant
because the current is kept constant. The surface image is produced by recording
the voltage applied to piezoelectric driver which represents the movement of the
tip over the sample. The constant current mode can be used to scan surfaces that
are not atomically flat because the tip follows the shape of the sample. However, a
drawback of constant current mode is the low scanning speed which results from
the finite response time of the feedback loop.
The constant height mode is another mode of scanning method employed in the
scanning tunneling microscopy. In the constant height mode, the feedback is
turned off and the surface is scanned in open loop. The voltage applied to
piezoelectric driver V, is kept constant to keep the tip at a constant height. While
the tip scans over the surface of the sample, the tunneling current is measured.
Using the exponential relationship between the tunneling current and the gap as
expressed in Equation 2.1, the image of the surface can be produce from the IT(x,
y).
2.3 Overview of Basic Components of STM
In this section, brief overview of some of the general components of a typical
scanning tunneling microscope is presented. The schematic of a typical scanning
tunneling microscope is shown in Figure 2-3.
Tip
The absolute resolution of a scanning tunneling microscope is limited by the shape
of the tip, even under ideal conditions without any disturbances. In addition, the
scanned image itself is influenced by the shape of the tip. Unfortunately, this
sensitive STM tip needs to be changed often and periodically. Therefore, it is
important to produce a good reproducible tip in a controlled manner. However,
the tip is perhaps one of the most difficult STM component to control and much
\ Tunneling current
output amplifier circuit
Bias voltage
Figure 2-3. Schematic of a typical scanning tunneling microscope
information is still unknown.
For example, a mechanically cut wire may produce atomic resolution images
while a carefully prepared tip with a radius of only a few nanometers may not
produce atomic resolution. The explanation for this may be that in a mechanically
cut tip, an atom at a corner of the tip may be providing a single atom tip.
However, the shape of such a tip is difficult to control.
The shape or the condition of the tip may also change over several scanning
operation or even during a single scan. The tip may spontaneously stop or start
producing atomic resolution images. Sometimes, a few crashing of the STM tip to
the sample may recover atomic resolution of the tip. However, the tip and sample
interaction during the crash can also contaminate the tip. In general, the tips
eventually degrade over time and repeated crashes. [Chen]
There are numerous ways of preparing a tip. In general, an appropriate in-situ
method should be developed. In addition to the attention of the shape of the tip, a
care must be taken to avoid any contamination of the tip.
Piezoelectric Tip Positioner
The control of the motion of the tip in x, y, and z direction is accomplished by a
piezoelectric transducer. Piezoelectric transducer deforms when an electric field is
applied. Because the motion of piezoelectric transducer is continuous down to
picometer range, sub 'ngstrom motion is possible [Rohrer]
Among a variety of designs and sizes, the two major types of piezoelectric tip
positioners are the tripod scanner and the tube scanner. The tripod piezoelectric
transducer is the one used in the original Binnig's experiment shown in the Figure
2-1 and 2-2. The three orthogonal "lags" can extend or contract causing motion in
independent x, y, and z direction. Another type is the piezoelectric tube transducer
which was first used by Binnig [Binnig and Smith]. The piezo tube transducer is
fabricated from a single piezoelectric tube. Detailed discussion of the tube scanner
is presented in Section 3.2.1.
Tip Positioner Driver Circuit
The tip positioner driver circuit is the electronic circuit that sends out voltages to
the piezoelectric transducer element(s). The input signals to the piezo driver
circuit consists of the x, y tip position signals from the computer as well as the z
position signal. The z position signal, which is used for feedback control of the
vertical position of the tip, may come either from the computer if digital control is
used or from an analog feedback circuit coming from the tunneling current
amplifier if an analog control is directly used. Detailed discussion of the piezo
driver circuit for a single tube transducer design for a digital feedback control for z
position is presented in Section 3.2.2.
Coarse Positioner
The coarse positioner is incorporated into a scanning tunneling microscope
because of the limited range of the piezoelectric scanners of about 1 Itm. The
coarse positioner brings the typical initial gap between the tip and the sample of
several millimeters down to a sub-micron distance. Although the coarse positioner
is an essential part of the scanning tunneling microscope, it does not effect the
performance of the STM because its function is finished as soon as the sub-micron
gap between the tip and the sample is obtained. For this reason, there are
numerous types of coarse positioners for STM. However, for a miniature STMs
the size of coarse positioner becomes a major concern.
The coarse positioner called a "louse" is used in the Binnig's original STM as
shown in the Figure 2-1 indicated by "L." The louse consists of a piezoelectric
plate and three disc legs. Each of the three disc legs is comprised of a metallic
disc on top and a insulating disc on the bottom which are joined together. Each of
the disc legs firmly stick itself to the floor electrostatically when high voltage is
applied to it. Because the piezoelectric plate can expand or shrink, the louse can
"walk" as a three legged machine.
Another type of coarse positioner is a "inchworm" motor which is
commercially available from the Burleigh Instruments, Inc. It is capable of
moving over a range of an inch with a resolution of a few nanometers. The
principle of inchworm motor is described in Appendix A.
Tunneling Current Output Amplifier Circuit
The pre-amplifier in the tunneling current output amplifier circuit is the most
important electronic component in the STM system. The pre-amplifier mainly
consists of a picoammeter. The tunneling current of a few nanoamperes flows in
as the input and is converted to a voltage signal of a few volts. Detailed discussion
of the output amplifier circuit is provided in Section 3.3.1.
Mechanical Structure and Vibration Isolation System
In order to achieve an atomic scale image with a scanning tunneling microscope, a
sub-angstrom resolution is necessary. Therefore, the disturbance from the external
vibration should be reduced to less than 0.1 angstrom. In general, the two most
important factors in vibration isolation are rigidity of the structure and the use of
effective vibration isolation system.
The mechanical structure of STM that connects the tip holder and the sample
holder should be small in size and made as rigid as possible in order to reduce the
vibration effect.
The vibration isolation is a large field and many techniques are already known
and available. Major types of vibration isolation systems for scanning tunneling
microscope include the two-stage suspension spring, eddy-current damper, and the
air bearing table system.
Computer
The computer in a scanning tunneling microscope is mainly used for the following
three functions. First, it is used to collect the experimental data via the A/D board.
The data is usually stored in a two dimensional array corresponding to the x and y
position of the scanner. The tunneling current measurements or the z direction
voltage applied to the piezo scanner is stored, depending on whether the STM is
operated in a constant height or constant current mode.
Second, the computer is also used to control the position of the tip via the D/A
board. It sends the x and y voltage signals to the piezo scanner during scanning.
The z position signal may also be send out from the computer, if a digital feedback
is used for the z direction control of the piezo scanner,
The third major function of the computer is the post digital processing of the
data as well as the post graphics displaying of the images.
For certain applications, the speed of the microprocessor and the A/D board or
the size of the memory in the computer may play an important role.
Environment
The scanning tunneling microscope can be operated both in vacuum and in air-
either in a clean room or in a regular laboratory environment. The operation of
STM in vacuum environment allows the use of tips and samples such as Si and
other semiconductor materials that may be oxidized in air. However, it is
expensive and difficult to operate. In comparison, the operation of STM in air is
much easier and inexpensive. Many experiments are possible with the operation
of STM in air. In fact, vacuum STMs are first thoroughly tested and operated in
air before it is put in a vacuum system. Extra caution is required against
contamination of tip and samples when the STM is operated in air.
Chapter 3
Analysis of In-House STM
In this chapter, the in-house scanning tunneling microscope used throughout this
thesis work will be described and analyzed. First, the general overview of the in-
house scanning tunneling microscope is explained. Then, the detailed description
and analysis of the major components, piezoelectric scanner and output amplifier
circuit, is presented. In the last section, the electrical noise in the STM system will
be discussed. The reader should be informed that this scanning tunneling
microscope is an experimental prototype. Therefore, both the mechanical and
electrical components have been continuously improved and changed throughout
the author's tenure. The materials presented here may be dated in terms of details
and some specifics. Nonetheless, they should provide good insights into the
primary structure of the in-house scanning tunneling microscope.
3.1 Description of the STM System
The scanning tunneling microscope used in this thesis work is a prototype machine
both designed and built by Ohara in Laboratory for Manufacturing and
Productivity at Massachusetts Institute of Technology. It is a low cost table top
scanning tunneling microscope system operated in ambient atmosphere. The
STM's modular design allows easy modifications for many different experimental
applications. The schematic of the scanning tunneling microscope system is
shown in Figure 3-1.
Figure 3-1 shows the major components of the STM excluding the vibration
isolation system. The computer unit, the electronic circuitry units, the tip unit, and
the sample unit are shown. In Figure 3-1, the arrows indicating the direction of the
flow of input and output electrical signals. The STM is both controlled and
operated using a standard IBM compatible personal desk top computer with an
analog to digital(A/D) converting board and a digital to analog(D/A) converting
Figure 3-1. Schematic of STM system. [designed by Ohara]
board with input/output ports. The actuating units comprise of the piezoelectric
tube and the inchworm motor. The piezoelectric tube is used for a limited high
resolution microscopic motion of the STM tip in x, y, and z directions. A
commercially available inchworm motor and driver is used for macroscopic
positioning of the sample in the vertical z direction. The electronic circuit parts
come in between these mechanical parts and the computer as interfacing units.
The bias voltage to the STM tip is sent directly by the D/A board through a filter.
The motion of piezoelectric tube is actuated with the D/A board which applies
voltage signals to its driving circuit. The tunneling current which passes through
the sample is amplified and converted to log scale signal by the output amplifier
circuit unit which consists of pre-amplifier and log-amplifier circuit. This signal is
then input into the computer through the A/D board. The motion of the inchworm
motor is actuated with the input/output ports which sends out on or off signals to
its driving circuit. For example, one port is used to control the period between one
step of inchworm motor movement. Another one is used to send out the signal to
stop or start the inchworm motor. The inchworm motor's principle is described in
Appendix A.
The mechanical drawing of mechanical system of the scanning tunneling
microscope is shown in Figure 3-2. The experimental work done in this thesis is
usually conducted with the whole system shown in Figure 3-2 set on top of a
vibration isolation table to ensure more complete isolation from environment. The
most prominent feature of the system is the main block. It is fabricated from a
rigid material to ensure high resonant frequency. Its structure is designed to
minimize the deformation due to stress or thermal effect. Also, the through holes
in all three x, y, and z axis allows easy and intimate access to the STM tip from six
directions. The inchworm motor is usually set in the bottom hole as shown in
Figure 3-2. The pre-amplifier circuit holder can usually be placed in one of the
three side holes. The location of the pre-amplifier circuit and its proximity to the
STM tip is critical in minimizing the noise in the tunneling current output. The tip
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and the piezoelectric tube holder is placed on the opposite side of the sample as
shown in Figure 3-2. The whole structure and components are set on dampers
which can be placed on top of a table or a vibration isolation table.
A drawing of the STM tip and the piezoelectric tube holder is shown in Figure
3-3. The base of the piezoelectric tube is rigidly attached to the piezo tube holder.
The piezo tube holder is also firmly placed in the main block structure of STM.
The STM tip is rigidly connected to the tip holder that is connected to the top of
the piezo tube which is free to move in all three x, y, and z direction. The wires to
the tip and piezo tube are also tightly held with an adhesive in order to isolate any
mechanical vibration.
In Figure 3-3, the tip holder consists of a ceramic structure with a small
solderable metallic tube in the center as shown. The STM tip is soldered to the
small metal tube in the center. From past experiences, we found that it is very
important to make the protruding portion of the tip as short as possible for
increased rigidity. Also, the soldering time should be minimized to reduce any
chance of contamination. There are many ways to prepare the tip. In this thesis,
Bias voltage line
Piezoelectric
tube actuator
Piezo tube lines
Piezo tube holder
Tip holder
lip -
Figure 3-3. Tip and piezoelectric tube actuator holder. [designed by Ohara]
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the tip is usually made by cutting a platinum(15 % Iridium) wire with a pair of
scissors. Etched tungsten wire has also been used in our lab. In etching tungsten
wire, a similar procedure used by Fotino was used [Fotino].
3.2 Piezoelectric Scanner
This section discusses the piezoelectric scanner in our scanning tunneling
microscope which consists of the piezoelectric tube transducer and its electronic
driving circuit. A schematic of the piezoelectric tube transducer and its driver is
shown in Figure 3-4.
3.2.1 Piezo Tube Transducer
In the scanning tunneling microscope, the scanning is conducted by moving the tip
over the desired area of the sample's surface. The fine motion of the tip is
accomplished by the use of a piezoelectric tube transducer in our STM.
x
V AU
Figure 3-4. Schematic of piezoelectric actuator and its driver
I
Piezoelectric transducers can have a continuous response to an external voltage
down to the picometer level [Rohrer]. The piezoelectric tube is purchased from
Stavely Sensors, Inc [Appendix B]. It is made from a PZT ceramic material.
The piezoelectric tube transducer has four conductors coated on its outer
surface as shown in a cut view in Figure 3-4(b). Each of these four coated
quadrants are connected to the piezoelectric driver. The piezoelectric tube driver
is the interfacing electronic circuit unit that goes in between the piezoelectric tube
and the D/A board in the personal computer. The whole inner surface of the
piezoelectric tube is coated with a conductor. This inner conductor is connected to
the ground of the piezo tube driver. V., V,~, and V3, are the voltage signals coming
out from the D/A board. V,;, Vy5, and V3 respectively controls the x, y, and z
direction position of the piezo tube. The voltage outputs, V,, V.,, V,, and V, are
the voltage outputs from the piezo driver that are applied to the x, -x, y, and -y
quadrants of the piezo tube.
The piezoelectric transducer is firmly fixed at the top and the STM tip is
connected at the bottom. The bottom side of the tube can move the STM tip in all
three x, y, and z directions. For example, in order to move the tip in the x
direction, a given voltage, Vj, is sent to the piezo driver. The piezo driver, then,
sends out a voltage, V.,, to the coated conductor on the x quadrant of the outer side
of the piezo tube. At the same time, an equal and opposite voltage, V.,, is applied
to the coated conductor on -x quadrant of the outer side of the piezo tube. The
inner conductor is always grounded. This will elongate the piezoelectric material
in the x quadrant while contracting the piezoelectric material in the -x quadrant
resulting in a bending motion of the tube in the x direction. The movement in the
z direction can be accomplished by sending out a voltage signal, V,, to the piezo
driver. The piezo driver, then, adds the corresponding voltage to the voltage
outputs V,, V.,, V,, and V,. Then, the whole piezoelectric material in all four
quadrants can be elongated or contracted together causing actuation in z direction.
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The static displacement to voltage input ratio of the piezo tube in our STM
system have been measured in x-y plane direction using a capacitive displacement
sensor with a resolution of less than 1 nm. The displacement was measured while
a sinusoidal voltage signal with an amplitude of 1.1 volt and a frequency of 0.25
Hz was applied to one of the quadrants of the piezo tube. The plots of the input
voltage to the piezo tube and the output signal from the capacitive sensor is shown
in Figure 3-5(a) and (b), respectively. The amplitude of the output signal from the
capacitive sensor is 350 mV. With the output corresponding to 2.54 nm/100 mV,
the displacement to voltage input ratio of the piezo tube in x or y direction is 8 nm
per volt.
A rough measurement of the resonant frequency of the piezoelectric tube in our
STM set up was also conducted in x-y plane direction. The x-y direction
measurement was conducted because the z direction resonant frequency is much
higher and is not a limiting concern. An impulse force was applied to the piezo
tube while the output voltage from the piezo tube was measured. The output
response is shown in Figure 3-5(c). The resonant frequency is roughly 6 to 7 KHz
which is a reasonable value compared to the expected 8.8 KHz calculated by
Taylor [Taylor]. The resonant frequency in z direction is about 30 KHz according
to Taylor's calculation.
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Figure 3-6. Piezo-actuator driver circuit diagram
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3.2.2 Piezo Tube Driver Circuit
The circuit diagram of the piezoelectric actuator driver is shown in Figure 3-6.
The piezo tube driver is a modified version of a circuit based on a design by
Stupian [Stupian]. The circuit diagram has three inputs for the signals coming
from the A/D board and four outputs which sends out voltages to each of the four
quadrant's outer conductors. The design primarily uses a first order lag circuit or a
pair of first order lag circuits in producing each of the output signals.
A transfer function of a general first order lag circuit as shown in Figure 3-7
can be found easily using the complex impedance method. By balancing the
current, we have
+1  V Cs + R=0. (3.1)
So the transfer function of this first order lag circuit is given by:
Vo_ R 1V R 1(3.2)
Vi R, R Cs +
Similarly, the transfer function from V,j to V., and V., to V., is calculated to be:
Vi
Figure 3-7. First order lag circuit
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Figure 3-8. Frequency response of V-xo/Vxi and V-yo/Vyo
V,_ V,o _ 1 R -+ (3.3)
Vx,i V,, R4 R, Cýs + I
The computer simulated frequency response of V:,/V,, and V,o/V,,, from Equation
(3.3) are plotted in Figure 3-8 together with the experimentally measured
frequency response. The resistor and capacitor values used in the experiment were
R4 = 301 92, R5 = 1 K2, and C2 = 47 nF. The experimentally measured results
closely match the theoretical numerical results.
In a similar manner, the transfer function from V,. to V., and V,.. to V,, is
calculated to be:
V V0- RRI 1._ ,__ _ (3.4)
V, v,. RR, (RCjs + 1)(RC,Cs + 1)
The computer simulated frequency response from Equation (3.4) and
experimentally measured frequency response are plotted in Figure 3-9. where R, =
34
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Figure 3-9. Frequency response of Vxo/Vxi and Vyo/Vyi
5 KL, R2 = 5 KK, R4 = 301 2, R5 = 1 KQ, C1 = 10 nF, and C, = 47 nF. Again, the
experimentally measured results are in good agreement with the theoretical
numerical results.
3.3 Output Amplifier Circuit
The output amplifier circuit is the circuitry that takes the tunneling current that
flows from the tip to the sample as its input and produces some corresponding
voltage signal which can be input into the analog to digital converter of the
personal computer our scanning tunneling microscope system. The critical
function of this output circuit is to measure the tunneling current over three
decades in the range of roughly 0.1 nA to 100 nA. Besides the noise problems
which is discussed in Section 3.4, other sophisticated circuit design techniques
may be required for this circuit to function properly. For example, voltage
followers or other appropriate filters may be required, especially to allow display
~'~"~-"~*~*~~~""~YI-`"~~ 
--·1_ 1_11
of signals at different junctions of the circuit. One of the circuit diagrams that
show the major components are shown in Figure 3-10. The upper left hand side,
which shows the pre-amplifier and RC filter, is housed in a pre-amplifier circuit
holder in shown in Figure 3-2. The log-amplifier circuit can be placed separately
from the main structure of the scanning tunneling microscope.
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Figure 3-10. Pre-amplifier and log-amplifier circuit diagram
3.3.1 Pre-amplifier
The pre-amplifier circuit is the critical part of the output amplifier circuit. The
pre-amplifier circuit consists of a current to voltage converter and a RC filter. A
high precision amplifier and a precision resistor is used in the current to voltage
converter. A careful arrangement and soldering of each of the components of the
pre-amplifier as well as good packaging is required for a proper performance. The
current to voltage converter circuit takes the tunneling current, IT, as input and
amplifies it by RP to produce a corresponding voltage as follows:
n = RIT (3.5)
For example, gain is 100 million when R, is 100 MQ2 as shown in Figure 3-10. In
order to reduce high frequency noise in the output signal a passive low pass RC
filter is used. The transfer function for the RC filter is:
1s1 (3.6)
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In this circuit, the values of R, and C4 was chosen such that the bandwidth of the
filter was around 1 KHz. Another version of a similar pre-amplifier with
bandwidth of 3 KHz is currently being developed which will reduce scanning
time. It will also allow fine positioning method to work at a larger initial gap as
explained in Section 4.2.2.
Figure 3-11 shows the experimental frequency response of the pre-amplifier
circuit with the low pass filter. We expect the low pass filter response will
dominate because its bandwidth is low compared to the current to voltage
converter. The experimental measurements are indicted by 'x'. The solid line is a
calculated frequency response of only the low pass RC filter. The input current to
the pre-amplifier was provided by a function generator acting as an AC voltage
source. It was connected to a 100 MO2 resistor to act as a small current source.
The close match in the plot indicates that the bandwidth of the low pass filter is
sufficiently lower than the bandwidth of the current to voltage converter and thus
dominates the system.
Another experiment was conducted to measure the noise of the pre-amplifier
circuit. Input in this case was about 1 volt DC with noise of less than 2 mV passed
through a 100 MO2 resistor. The output is shown in Figure 3-12 The plot shows
that the magnitude of the noise seems to be less than 6 mV. Note also that the
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Figure 3-12. Noise of pre-amplifier circuit
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dominant frequency of the noise is near 60 Hz which is the line noise from the
environment. A 6 mV noise magnitude translates to roughly less than 0.05
angstroms using the voltage to gap calculations and experimental results in Section
4.1.
3.3.2 Log-amplifier and Filter
Because we want to measure the tunneling current, I, which is exponential in
nature, for over three decades ranging from 0.1 nA to 100 nA, it is desirable to
have a logarithmic conversion scheme. The log conversion can be accomplished
by either using a pre-calculated digital log table in the STM software, or by
employing an analog log-amplifier circuit as shown in Figure 3-10. Currently we
use the digital log table approach and no longer use the analog log conversion
approach. However, some of the earlier experiments in this thesis used the analog
method. Therefore, both approaches will be discussed.
Analog Log Conversion
The log-amplifier chip(SSM-2100) shown in Figure 3-10 is a commercial chip
from Precision Monolithic Inc. Equation for the log amplifier is given in the
specification of the chip to be:
1lo g1 (V R,)VoU, = K ( V  Vi,, (3.7)
Ref
where
K = 0. 066  + R (3.8)
R,
With R/R,, = 2 and V, = 5 V, Equation (3.7) becomes
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Figure 3-13. Log-amplifier characteristic
V,,,, = K(1- log,0 (Vj,,)). (3.9)
With R3 = 20 KM and R4 = 490 Q2, which results in K = 2.76, the relationship
between V,,,, and Vi,, has been plotted numerically using Equation (3.9) as
represented by the dotted line in Figure 3-13. The 'x' shows the actual measured
data. The solid line represents the calculated plot using K = 3.0 for Equation (3.9).
These plots show that the actual measured constant value of K is close to 3.0
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which is slightly different from the value 2.76. Also, note that the minimum range
of the log-amplifier of V,,,, = 0 corresponds to the maximum output of the pre-
amplifier of Vi,, = 10 volts.
Also, an experimental measurements have been conducted to check the noise
level of the log-amplifier. For a input of a DC voltage of about 5.3 volts the
output response of the log-amplifier is plotted in Figure 3-14. The output is very
regular and there seems to be about 10 mV of noise composed of a 60 Hz low
frequency noise and a much higher frequency. This represents about less than 0.1
angstroms using the voltage to gap experimental results in Section 4.1.
Digital Log Conversion
In order to improve the performance of the log-amplifier and eliminate its
noise, a digital log conversion method have been implemented. The digital
conversion is based on Equation (3.9). The numerical value of V,,,,, which has a
range of 0 to 10 volts, have been pre-calculated into a vector, DIGILOG,
containing 4096 elements. 4096 comes from the resolution of the analog to digital
converter in use which is 12 bit. Let VIN be the binary number corresponding to
V,,. Whenever the A/D board takes a measurement, V,,, its corresponding VIN is
put into the array as
V,, = DIGILOG[VIN]. (3.10)
The digital log conversion scheme works well as evidenced by proper operation of
the scanning tunneling microscope using the scheme. Most of the experimental
work in this thesis is conducted with the digital log conversion.
Second Order Filter
Usually an analog filter is used in the output amplifier circuit to further reduce
electrical noise. This section describes a second order filter that has been used
together with the above described pre-amplifier and the analog log conversion
Vfl
Vfo
-IJV
Figure 3-15. Second order active filter circuit diagram
scheme. The circuit diagram of the filter is shown in Figure 3-15. The transfer
function is calculated to be:
V wfo +• (3.11)
V f 2 + s+w2
where the damping ratio, ý, is:
= R,+ C , (3.12)
2 C,RR,R
and the natural frequency, w,, is:
1
w 2 72fc. (3.13)
With the given values in Figure 3-15, the cutoff frequency, fc, was chosen to be as
low as possible at about 150 Hz for F,, the number of atoms the STM tip scans
over per second, of about 100 Hz. Fj is defined in Section 4.3 under the
parameters heading.
Because the cutoff frequency of the second order filter is much lower than any
other component of the STM, the step response of the scanning tunneling
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Figure 3-16. Step response of second order filter
microscope is dominated by the second order filter. Indeed, the plots of calculated
step response of the filter and actual response of the scanning tunneling
microscope closely match each other as shown in Figure 3-16. The step input was
applied using the D/A board which applies the bias voltage at the tip of STM was
to produce the step response of the scanning tunneling microscope.
The noise level has been checked for the above described output amplifier
circuit, including the pre-amplifier, log-amplifier, and the second order filter. The
input was about 1 volt dc with noise of less than 2 mV which passed through a 100
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MG resistor. As shown in Figure 3-17, the magnitude of the noise is less than 5
mV at a frequency of about 60 Hz. This represents about less than 0.05 angstroms
using the voltage to gap experimental results in Section 4.1.
3.4 Electrical Noise
Besides the mechanical vibration isolation, the electrical noise isolation is one of
the most critical factors in the scanning tunneling microscopy. All the electronic
circuit units must be properly shielded against electro-magnetic wave interference.
Moreover, each of the critical electronic components should be placed carefully
from each other in order to avoid electro-magnetic wave interference or floating
capacitance. Also, non-floating real common grounding needs be implemented.
In general, as much attention as possible is required for every little detail. For
example, wires and coaxial cables needs to be thin and minimized in length. Also,
connectors should be small with high conductivity.
Among the electronic circuit units, a special care must be taken for the pre-
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Figure 3-18. Power spectrum of the STM output signal
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amplifier circuit unit. The pre-amplifier's gain is 1 x 108. For example, 20 nA of
tunneling current input into the pre-amplifier will produce an output of 2 volts.
Therefore, it is important to avoid any noise before the pre-amplifier circuit.
Even with careful design of the electronic circuitry, electrical noise due to
electro-magnetic wave interference or mechanical vibration cannot be avoided
completely. Figure 3-18 shows the plot of power spectrum of the tunneling
current signal of the scanning tunneling microscope after passing through the
output amplifier circuit and the second order active low pass filter. The
measurements were conducted after the tunneling current was detected with the
STM and desired tunneling current of about 10 or 20 nA was achieved. The
piezoelectric tube and the inchworm motor actuators were kept at the same
position without feedback. Then, the tunneling current signal was measured with
the A/D board and stored in the computer. Figure 3-18 shows the digitally
implemented power spectrum of this stored data in computer. In this
measurement, the tunneling current has been passed through a low pass filter with
a cut off frequency of 150 Hz. A line noise at a frequency of about 60 Hz is easily
detected in the plot along with some of the DC low frequency noise.
In order to reduce such noises, analog filters are added in the electronic units or
digital filters are used during post processing in the computer. For the line noise
R(27.2 KQ) R(27.2 KQ)
n out
Figure 3-19. A passive twin-T notch filter (60 Hz). [Horowitz and Hill]
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Figure 3-20. Power spectrum of the STM signal through a notch filter
shown in Figure 3-18, an analog passive twin T-notch filter was added after the
pre-amplifier circuit. The circuit diagram is shown in Figure 3-19. The notch
frequency, f, at which the amplitude attenuates to near zero is given by
1fc= (3.14)21tRC
The resistance and capacitor values have been chosen to produce fc of 60 Hz.
The plot of power spectrum of the tunneling current output signal passed
through the output amplifier and notch filter is shown in Figure 3-20. In this
R(100 0)
input •v r , output
C (22 nF)
Figure 321. A passive low pass filter
Figure 3-21. A passive low pass filter
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measurement, the tunneling current has been passed through a low pass filter with
a cutoff frequency of 3 KHz. The attenuation of noise around the frequency of 60
Hz is achieved.
Other noises such as the high frequency noise in the A/D board output was
reduced using passive low pass filters. The D/A board output signal usually
produced noise of about 5 mV for signals in the range of 2.5 volts up to 10 volts.
The RC filter shown in Figure 3-21 was used to reduce the noise level to less than
2 mV.
Chapter 4
Gap, Positioning, and Scanning
In this chapter, the relationship between the output signal of the scanning
tunneling microscope and the gap between the STM tip and the sample are
described. The approximately calculated numerical relationship between the
output signal and gap are compared to the actual experimental measurements.
Then, the approach method is explained. The concept for both coarse and fine
positioning is discussed. In the last section, the scanning method is presented. In
the scanning method section, both the constant current and constant height
mode of STM scanning operation is explained as well as some of the scanning
parameters.
4.1 Output Signal and Gap
The relationship between IT, the tunneling current, and s, the gap separation
between the tip and sample, can be described with a different form of Equation
(2.1) as
IT = pVTexp(-2ks), (4.1)
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where V, is the bias voltage applied between the tip and sample. In Equation
(4.1), pT is the tunneling conductance. It represents the local density of
electronic states at the Fermi level. k is the decay constant of a sample state near
the Fermi level in the barrier region. In terms of m, h, and ,,, which are the mass of
electron, plank's constant, and the work function, respectively, k is
I 2mopvk=- 2m (4.2)
h
= 0.51 W(eV)A'. (4.3)
The work function 0,, is defined as the minimum energy required to remove an
electron from the bulk to the vacuum level. [Chen] From Equation (4.1), 0, the
local effective work function, can be written as:
0 = h 2  (4.4)
= 0. 95dl , (4.5)( dW
for a constant bias voltage [Tersoff and Lang].
Relationship of s and Vou,
In this section, the relationship of s, the gap separation between the STM tip and
the sample, and V,,,,, the voltage output signal from the log-amplifier, is derived
using rough approximations. Although pT and 0 are both dependent on the gap
separation between the STM tip and the sample, we assume that p, and 0 are
constants for a small region of gap separation.
To begin, we can obtain the description of s in terms of the voltage output of
the pre-amplifier. We already have the relationship between the tunneling
current, I,T and voltage output of the pre-amplifier from Equation (3.5).
Combining Equations (4.1) and (3.5), we have:
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V,,, = R,,pTVTexp(-2ks).
The voltage output is denoted Vi,, because it is also input to the log-amplifier.
Equation (4.6) gives us the relationship between V, and s, the gap separation
between the STM tip and the sample. The V,,, which is the voltage output from
the pre-amplifier, is also the input voltage signal to the log-amplifier.
Because we are interested in obtaining s, the gap separation in terms of the
output voltage signal of the log-amplifier, we should rewrite Equation (4.6) for s
in terms of Vi,,. First, with the constants C, and C2 defined as follows:
C, = R,p,, (4.7)
C, = -2k = 1. 025 •(eV)' - , (4.8)
Equation (4.6) can be written as
V , = CVTexp(Cs). (4.9)
Taking the log of both sides of Equation (4.9), it becomes
C, s = Iln( }. (4.10)
Dividing Equation (4.10) by C2, the description for s in terms of the input voltage
signal to the log-amplifier, Vi,, is given as:
s = In i . (4.11)
C2  CIVT)
Now that we have s in terms of V,,, we would like to express Vi,,,, the input
voltage signal, in terms of V,,,,, the output voltage signal of the log-amplifier. By
rearranging Equation (3.9) that describes the log-amplifier's input and output
relationship, we have:
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(4.6)
log( V,, ) =  1 K"
K
ln(10)In( V,,) = ln(10) - K) VK
(4.12)
(4.13)
Taking the exponential of both sides of Equation (4.13), the description of V,, in
terms of V,,,,, is obtained as
V,, = exp{ ln(10)ln(10)- ln(10)K VK J (4.14)
Finally. we can combine Equations (4.11) and (4.14) to get the relationship
between s and V,.
I ln10) ln(10)
ln(10) ln(CV,)
C, C'
,u - ln(C V T)
ln(10)
KC
Equation (4.16) can be expressed in a more concise form if we let s,,, the initial
gap, and C, to be defined as:
ln(10) In(C, V)
C C,
ln(10)
KC,
(4.17)
(4.18)
Then, Equation (4.16) becomes
s = s' + C, V,l,, (4.19)
In Equation (4.17), VT is a unitless number because the unit was eliminated in
Equation (4.10) where V;,, is divided by VT. Also in Equation (4.19), V,,,,,is a
unitless number because it was unitless in Equation (3.9).
s = (4.15)
(4.16)
Numerical calculations
It is possible to calculate the numerical values of constants s,, and C3 with some
rough approximations. C, can be calculated from Equation (4.7) to be as follows:
C, = R,,p, =(100 M)(30 KU)= 3 x 10 ,  (4.20)
where the value of pT is a rough approximation for a typical STM. [Pohl and
Moller] RP is the value of the resister R, which is used in the pre amplifier circuit.
The numerical value of the constant C, is
C, = -1. 025 \/(eV)A-' = -1. 025Nv 4.5eVA- = -2. 17A-'. (4.21)
where the value of 4.5 eV for o is an approximated value for a constant bias
voltage in a typical STM. The typical value of work function. 9, usually ranges
from 3 to 6 eV for elements such as platinum, tungsten, carbon. etc. as given by
the Handbook of Physics and Chemistry [Weast]. The constant C, is given by
ln(10) ln(10)
C, K[ (21=7 0. 35A, (4.22)
KC, [(3.0)(-2.17A--)]
where K is the constant found in Figure 3-12. Then. with a typical operation bias
voltage of 50 mV applied to the STM tip, s,, is found to be:
s n(10) In(CV ) =10. 8A. (4.23)C, C'
Comparison of the numerical and experimental results
With the approximate numerical values of s,, and C3 found in Equations (4.22)
and (4.23), the plot of Equation (4.19) is shown in Figure 4-1. V,,,,, is shown in the
right side of the graph. The scale on the left side is the log of the tunneling
current, I,. The slope, dlnI/ds. of the line in the plot is constant. Of course when
this slope is plugged into Equation (4.5), the numerical value of the approximate
constant value 0 used in Equation (4.21) is produced.
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Figure 4-1. Numerical plot of IT VS. s
Some experimental measurements have been made using the in-house
scanning tunneling microscope in ambient atmosphere. The tunneling current
was measured while the STM tip was moved in z direction with the piezoelectric
tube actuator. Although the initial gap is not measured, the relative change in
gap separation was determined by measuring the voltage applied to the
piezoelectric tube. The result of two sets of measurements are shown in Figure 4-
2. The slope from the experimental results are much smaller than the theoretical
slope calculated assuming general constant values of 4 and pr. However, it is ina
reasonable agreement with the general experimental value of dln(Ir)/ds which is
usually much less than 1 [Chen].
There are several explanations for the smaller value of the experimental slope.
The explanation for the smaller slope is very complex and many factors contribute
to the phenomenon including ambient atmosphere, contamination of the tip or the
sample, and the force between the tip and surface. In a rather simplistic
explanation, the primary effect in the graphite's case seems to be the
"deformation" of graphite surface which may occur when the tip comes close to
the surface. The "deformation" may occur for several reasons such as the effect
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Figure 4-2. Experimental plot of Ir vs. s
of the local density of states, interatomic forces, and contamination [Morita et al].
These effects increase as the gap decreases which may explain the decrease of
dln(IT)/ds as gap decreases in the experimental measurements.
4.2 Description of Approach Method
The displacement of piezoelectric tube actuator in z direction with the voltage
input from its driver is about 8 or 9 nanometers per volt according to the
manufacturer's design formula [Appendix B]. At this rate, the total range of
displacement in z direction is only a few hundred nanometers even when several
hundred volts are applied. Therefore, we need another positioning device to
reduce the initial relative distance between the tip of the scanning tunneling
microscope and the surface of the sample.
The positioning device used in our STM is a commercial inchworm motor from
Burleigh Instruments, Inc. The inchworm motor has a total range of motion of
about one inch. Its smallest single step is about 4 nanometers. Its maximum
speed in terms of the number of steps per second is 500 KHz. The motor uses
piezoelectric material for actuation. The principle of inchworm motor is explained
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in Appendix A. Using the inchworm motor and the piezoelectric tube which
actuates the tip of the STM, it is possible to reduce the relative distance between
the tip and sample to a point where tunneling current occurs.
In our system, approach and fine positioning is usually divided into two steps
in order to reduce the total time it takes for positioning the STM tip on the
sample. The two method are named coarse approach and fine approach
positioning. The coarse approach method is used because of the limited
bandwidth of 1 KHz of our current pre-amplifier circuit. With a sampling rate of
less than 1 KHz, the fine approach method will take prohibitively long time on the
order of 30 minutes or more. Currently, a pre-amplifier circuit with a bandwidth
of 3 KHz is being developed.
4.2.1 Coarse Approach Method
The coarse approach method for our in-house scanning tunneling microscope
takes advantage of the elasticity of some of the samples which can withstand a
limited tip contact without damage to the surface. The coarse approach method
brings the gap between the tip and the sample down to less than a few hundred
nanometers on the order of a few minutes even with a slow pre-amplifier which
forces slow sampling rate. This method mainly relies on the inchworm motor only.
It does not use the fine resolution available with the piezoelectric tube actuator.
Using the fine resolution of the piezoelectric tube and a faster pre-amplifier which
allows faster sampling rate, a fast fine approach method is possible.
The movement of the inchworm motor is shown in Figure 4-3. First the
inchworm motor moves for 500 steps at 4 nm per step for a total of 2 gm for one
range of the piezoelectric element. Then, there is a discontinuity of motion for the
next 500 steps while the inchworm motor's piezoelectric elements clamp and
unclamp in order to continue its motion into the next range.
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Figure 4-3. Coarse positioning concept
In the coarse approach method, first the piezoelectric tube actuator is
extended and the tip is moved downward several tens of nanometers in order to
allow the piezoelectric tube actuator to retract the same distance when the
tunneling current is detected. Then, the inchworm motor is moved at the rate of
500 steps per second while the tip is fixed. Before each step of the inchworm
motor's motion of 4 nm, the tunneling current is measured. If the tunneling
current is detected, the piezoelectric tube is retracted and the tip moves upward
several tens of nanometers. At the same time, the inchworm motor's movement is
stopped. Then, the inchworm motor is moved downward for several tens of
nanometers to insure some gap between the tip and the sample.
This method requires that the tunneling current which occurs in a gap of
greater than 4 nm be measured and used to signal the detection of tunneling
current. However, because of the electrical noise generated at each of the
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discontinuity points of the inchworm motor motion, it is only possible to detect
the tunneling current that is greater than the electrical noise. Thus, it is difficult to
measure the tunneling current that occurs at a gap larger than 2 nm. In this type
of coarse positioning method, therefore, some contact of STM tip to the sample is
unavoidable. However, some of the samples such as graphite is usually not
damaged by this kind of contact because of its elasticity.
Figure 4-4 shows the typical output of the pre-amplifier during the coarse
positioning approach. The electrical noise at the discontinuity points of
inchworm motor is shown as the sparks in the pre-amplifier output. The
discontinuity points of inchworm motor is caused by the clamping and
unclamping of piezo elements in the motor. The clamping and unclamping is
accomplished by applying several hundred volts to the piezo elements. This
creates change in electrical field around the inchworm motor and the sample
which causes the noise shown as the sparks. Better sample holder and shielding
is being developed to reduce the noise.
4.2.2 Fine Approach Positioning Method
Once the separation distance of the tip and the surface of sample is reduced to a
sub-micrometer region, a fine positioning method can be used to bring the tip
down to a region where tunneling current occurs. This can be accomplished with
the sub-nanometer resolution available with the piezoelectric tube actuator. The
sub-nanometer resolution is easily observed in the data in Figure 3-5. The fine
positioning scheme is shown in Figure 4-5.
The inchworm motor moves in steps of 4 nm. During the period where the
inchworm motor is motionless, the tip is moved down a distance greater than 4 nm
in a ramp motion and quickly moved back to its initial position just before the
inchworm motor moves a step upward. The tip's downward movement
accomplished by the elongation of the piezoelectric tube actuator is divided into
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Figure 4-5. Fine positioning concept
several tens or hundreds of steps according to a desired resolution and speed.
These steps are also spaced out evenly throughout the period where the sample is
motionless. After the tip is retracted back to its original position, the inchworm
motor moves upward 4 nanometers and the same procedure is repeated until
tunneling current is detected.
In this scheme, because the tip's retraction right before the upward motion of
inchworm motor is greater than 4 nm, the resolution of this fine positioning
approach is the resolution chosen for the piezoelectric tube actuator movement.
For example, if there are 100 tunneling current measurements between each step
of inchworm motor movement of 4 nm, the resolution will be roughly a little
above 0.4 angstroms. When the tunneling current is detected PI control is used
to control the tunneling current and scanning tunneling microscope is ready to
use.
Using a pre-amplifier, with a higher bandwidth, this scheme can be used at a
larger tip to sample gap distance of 0.36 mm and eliminates the need for the
coarse positioning method. For example, for a sampling rate of the tunneling
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current measurement 3 KHz and 10 tunneling current measurements per 4 nm
inchworm motor movement, 0.36 mm can be traveled in 10 minutes with a
resolution of roughly 4 angstroms.
4.3 Scanning Method
Scanning Method
There are two major scanning methods in terms of the way tunneling current is
measured. One is the constant current method and the other is the constant
height method. The motion of the tip during a constant current mode of
operation is shown in Figure 4-6. In this mode, feedback is used to maintain the
same tunneling current and, therefore, the same separation gap during scanning.
The change in the voltage applied to the z direction of the piezoelectric tube
actuator represents the change in the STM tip position. Therefore, this voltage
corresponds to the atomic image and is recorded as data. The constant current
mode allows larger scanning area, but it is slower and, therefore, more effected by
tip
direction of the line scan
T constant
"/ / separation
sample -Da-
Figure 4-6. Constant current mode scanning over a line scan
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low frequency noise during scanning.
In the constant height mode, during the scanning, the STM tip is held constant
in the z direction and is moved only in the x and y direction. In this mode, the
tunneling current is directly measured during the scanning. Because the
scanning is done without feedback, the scanning time is several times shorter for a
given rate of tunneling current measurements. However, the size of the scanning
region is limited to only a few nanometers of flat area. Otherwise, the tip may
crash into sample.
In most of the scanning experiments in this thesis, the constant height mode is
used in order to take advantage of its faster scanning speed. Faster scanning
speed allows some of the low frequency noise of the scanning tunneling
microscope to be avoided. After the fine positioning is completed and tunneling
current is detected and controlled using feedback, the STM tip is brought down
to a desired height as measured by the corresponding tunneling current. The
constant height is indicated by the dotted line in Figure 4-7 which shows the
motion of the tip over a "line scan." A line scan refers to scanning a single line
tip
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Figure 4-7. Constant height scanning over a line scan
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Figure 4-8. Data points in one raster scan area
over the sample's surface to be scanned. In Figure 4-7, as the tip is moved along
in the direction of the line scan, the gap between the tip and the sample is
changed. This change in the gap produces a corresponding change in the
tunneling current which is measured.
In the scanning experiments, a raster scan method, which is composed of many
line scans, is usually used. The data points where the tunneling current is
measured are shown in Figure 4-8. The number of sampling points in x and y
direction are represented by in and n, respectively. An example of set of data
points in a line scan in Figure 4-8 would be the data points from (1,2) through
(m,2). So the whole scan is composed of n number of line scans.
Parameters
Because of inherent noise of the scanning tunneling microscope, limited
measurement rate of tunneling current by the A/D board, and other limitations,
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some operating parameters are helpful in setting the correct range and speed of
scanning experiment. In this section, operating parameters for scanning a
structured sample, such as graphite, is discussed.
The variables are listed in Table 4-1. Do is a characteristic of the sample to be
scanned and so predetermined for a given sample. The rest of the variables need
to be determined. The variable, S,, should be greater than 10 to avoid aliasing
problem. A high value of So is desired for better resolution, but in order to
maximize scanning speed a minimum value in the range of 10 to 20 is usually
used. L, and L, are the lengths of the scan area in the x and y direction,
respectively. They are ultimately limited by the x and y range of motion of the
piezoelectric tube actuator in use. The other variables are related in the following
way.
D,- (4.24)
D SAA
Da = distance from an apex of an atom to the apex of next atom
Sa = number of sampling points for an atom.
Lx = length of a line scan.
Ly = length of the raster scan area in y direction.
m = number of sampling points for a line scan.
n = number of line scans.
Sr = sampling rate.
Ax = number of atoms in L,.
Ds = distance between sampling points.
Fi = frequency of the input signal.
Tx = time for a line scan.
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Table 4.1 List of variables for the scanning parameters
S (4.25)
mA = -- (4.26)
Sa
L, = A,D, = M Da (4.27)
a
Tx =m -(4.28)
The frequency of the input signal, F,, refers to the number of atoms the STM tip
scans over in one second. In this concept, an atom is roughly modeled by a single
sine wave. It is important to set F, away from the major noise frequencies of the
scanning tunneling microscope. Because these equations are related to each
other, all of them should be considered in determining parameters.
Chapter 5
Scanning Experiment
5.1 Introduction
This chapter presents some of the experimentally obtained scanning tunneling
microscope images of highly ordered pyrolytic graphite(HOPG) surface. In the
first section, the HOPG and its atomic structure is explained as well as the ideal
STM image of the HOPG graphite surface. Then, the experimentally obtained
STM images of graphite surface with our in-house STM is presented. A typical
experimental STM image of graphite surface, an image showing a giant
corrugation effect, and an image scanned at a higher scan rate are presented.
5.2 Graphite Surface
In order to check our scanning tunneling microscope's ability to scan samples and
obtain images in the atomic scale, a graphite has been used as a sample. Graphite
is used because they are non oxidizing in air and they provide a highly ordered
structure which can be easily recognized. We used the highly ordered pyrolytic
graphite (HOPG).
HOPG is the most widely used graphite in the scanning tunneling microscopy
because naturally occurring graphite in a single crystal form is rare and difficult to
obtain. HOPG is commercially available in many sizes. Our sample has been
provided to us by Advanced Ceramics Corporation. The highly ordered pyrolytic
graphite comes in a polycrystalline form consisting of grains ranging from 3 to 10
gm [Wiesendanger and Anselmetti]. Because the scanning range of most STMs
are under 1 ginm, these are sufficiently large grains to study.
HOPG is also easily prepared for imaging with the scanning tunneling
microscope. In our STM scanning experiments, HOPG graphite of dimensions 6
mm x 6 mm x 1 mm was used. The top surface was simply peeled off to produce
fresh surface each time we put the sample into the STM for surface scanning
experiments. An adhesive tape or a tweezers may be used to cleave the layers of
graphite.
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Figure 5-1. AB stacking sequence graphite structure
The most common form of graphite structure is the hexagonal AB stacking
sequence structure. Three layers of the hexagonal AB stacking sequence structure
is shown in Figure 5-1. Notice how the layer in the middle is shifted by 1.42 A
which is the nearest neighbor distance of the carbon atoms in graphite. This shift
is the reason for the AB stacking sequence. The carbon atoms represented by
black dots are called A-site atoms. These atoms have neighboring carbon atoms
directly below and above them. The white dots representing B-site carbon atoms
have just hollow center of the hexagonal structures above and below them. The
nearest distance between only the A-site atoms is 2.46 A. The distance between
only B-site atoms is also 2.46 A. The carbon layers are spaced 3.35 A apart as
indicated in Figure 5-1.
Figure 5-2. Schematic of graphite surface imaged by STM
The graphite surface was first successfully imaged by scanning tunneling
microscope in air by Park and Quate in 1986, although with an incorrect
explanation of the A-site atom location [Park and Quate]. However, it is not easy
to interpret atomic structures of a sample from the STM images because the
images do not match the topographic atomic structure. They are related to the
local electronic density of states. In fact, graphite provides a good example of how
the actual atomic structure can be different from the STM image.
The gray scale of a typical STM image of graphite surface is shown in Figure
5-2. The darker regions represent holes and whiter regions indicate the
protrusions. On top of the STM image, its corresponding hexagonal graphite
carbon structure is shown in superposition. The A-site and B-site carbon atoms
are represented again with black and white dots, respectively. In the actual
structure of the graphite surface, the A-site atoms are positioned slightly higher
compared to the B-site atoms because the A-site atoms have a neighboring A-site
atom directly below it in the underneath layer. However, in a typical STM image,
only the B-site carbon atoms are detected as shown by the white protrusions in the
gray scale image. Because of the shape of the local electronic states and its
interaction with the tip, the B-sites give rise to higher tunneling current compared
to the A-sites, although it is positioned lower topographically [Kobayashi and
Tsukada]. The dark regions of the STM represent again the B-sites in the next
layer below. Remember that the A-sites have neighboring atoms directly below it
throughout the layers.
5.3 Experiments
In this section, some of the scanned images of graphite is presented. These STM
images were obtained with the scanning tunneling microscope described in
Chapter 3. The scanning tunneling microscope was operated in air in uncontrolled
regular laboratory environment.
Figure 5-3. Gray scale STM image of graphite
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Typical Scanned Image
The typical image of graphite with our scanning tunneling microscope is shown in
Figure 5-3. This image is from a raw data with only linear analog filters without
any digital filtering. This is a gray scale image with the brighter regions
representing protrusions. This particular scan was conducted with the STM
operating with the bias voltage, VT, of 50 mV and tunneling current near 24 nA.
Sa, the number of measurements over a distance of 2.46 A, the nearest neighbor
distance for B-sites, were chosen in this case to be roughly 11 to 12. More
detailed discussion of Sa and other parameters are given in Section 4.3. This
resulted in the frequency of input signal, F,, to the STM to be roughly 81 Hz for
the sampling rate, S,, of A/D board of 900 Hz for the image in Figure 5-3.
Although there is some noise, the brighter regions representing the B-site atoms
are clearly shown.
The contour line image of a section of the gray scale image is shown in Figure
5-4. The B-site carbon atoms, the white dots, are superimposed on the brighter
regions. The hexagonal carbon structure is clearly evident.
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Figure 5-4. Contour line STM image of graphite
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Figure 5-5. x-z and y-z views of the STM image of graphite
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The x-z and y-z view of the same scanned image are shown in Figure 5-5.
Figure 5-5(a) shows the x-z view where 64 x-direction line scans are superimposed
in the y direction. The y-z view in Figure 5-5(b) shows the maximum and
minimum of each line scans. The corrugation amplitude calculated based on the
experimentally measured data in Figure 4-2 is about 1.5 A which is in agreement
with general graphite scanned images.
Figure 5-6. Gray scale STM image of graphite (corrugated)
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Effect of Corrugation
As discussed in Section 4.1, deformation of graphite may occur when the STM tip
is in a close proximity with the sample. This type of phenomena can cause giant
corrugation to occur during scanning because the position of atoms and their
electronic states may change because of tip to sample interaction. This effect
contributes to extra amplification of tunneling current and produces unusually
clear features. The gray scale image of graphite with this giant corrugation effect
is shown in Figure 5-6. The image is without digital filtering. The operating bias
voltage was 50 mV and tunneling current was near 13 nA. For this scan, the
frequency of input signal, Fi, is roughly 81 Hz.
The image almost matches the ideal image in Figure 5-2 with the exception of
some drift in the y direction. Its contour line image is shown in Figure 5-7 with
the B-site and A-site carbon atom structure superimposed. It clearly corresponds
with the ideal image in Figure 5-2. The giant corrugation amplitude of near 6 A is
clearly shown in Figure 5-8.
x
Figure 5-7. Contour line STM image of graphite (corrugated)
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Figure 5-8. x-z and y-z views of STM image of graphite (corrugated)
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Figure 5-9. Gray scale STM image of graphite (faster scan)
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Image at a Faster Scan Rate
With a different tunneling current output amplifier circuit, graphite image has been
also obtained at higher scanning rate. The gray scale graphite image shown in
Figure 5-9 was scanned with the frequency of input signal, Fi, at near 360 Hz. The
bias voltage of 50 mV with tunneling current near 11 nA was used. Also, the
scanning experiment was conducted with the digital log-amplifier with a large
bandwidth low pass filters of the order of KHz. Because of some high frequency
noise associated with the higher scanning rate, a digital filter was employed. The
image clearly shows the bright regions corresponding to B-sites. The darker
regions representing the empty hollow of hexagonal structures are shifted a little
bit because of the filtering process.
6.4 Summary
In this Chapter, the scanning tunneling microscope has been successfully operated
in obtaining the graphite surface images. The typical STM image experimentally
obtained matches very close to the ideal graphite surface image. The experimental
STM graphite image showing giant corrugations have also been presented. Also,
the STM image of graphite surface scanned at higher speed is presented as well.
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Chapter 6
Writing with SPM
6.1 Introduction
In the first half of this chapter, a brief review of writing with a scanning probe
microscope is presented. The micro-lithography process in semiconductor IC
fabrication is discussed to compare with the new techniques available with the
scanning probe microscope. In the last half of this chapter, experimental work is
presented. First, the constant current mode experiment, which is necessary for
scanning large and irregular surfaces, is presented. Then, some experiments
regarding the surface modification of graphite is presented.
6.2 Brief Review of Writing with SPM
This chapter presents a brief review of some of the micro-lithography technology
before discussing the current research work in the field of nanometer scale direct
write technology using scanning probe microscopy. The review of micro-
lithography will provide background information on some of the important
factors in the fabrication of micro devices.
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6.2.1 Brief Review of Lithography
One of the most widely used micro-devices today are integrated circuits. Micro-
lithography technique is the most critical process used in integrated circuit
manufacturing by the semiconductor industry. Lithography process is used to
print the circuit patterns of an IC onto the photoresist transfer coating on a wafer.
Lithography technique is critical because its resolution primarily determines the
smallest feature size and its exposure time effects throughput.
The lithography process can be categorized under the masked lithography
and the direct write lithography. The masked lithography is mainly used in mass
production of integrated circuits while the direct write lithography is used in
making masks, batch production of specialty ICs, building prototype ICs, and
repairing ICs.
6.2.1.1 Masked Lithography
In a masked lithography process, an energy source is used to radiate a wave or
particle beam. The beam is projected onto a mask that contains the integrated
circuit pattern. The portion of the beam that passes through the mask exposes
the photoresist in the shape of the desired circuit pattern. The major masked
lithography can be categorized according to their source of radiation. They are
primarily optical, X-ray, ion beam, electron beam masked lithography.
Optical Lithography
The optical lithography is the oldest lithography technique. At a relatively low
cost, it is one of the most widely used commercial lithography technique today.
First, the contact printing lithography was invented. In this system, the mask is
laid on top of the photoresist coated wafer without any gap so the mask actually
contacts the photoresist. In order to reduce defects and improve resolution,
proximity printing lithography was introduced next. In this system, a micro gap is
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introduced between the mask and the photoresist to eliminate contact. Then, a
lens is used to image the light beam on to the wafer so the projection printing
lithography was developed. Currently, the most widely used optical system is the
step and repeat projection printing lithography in which only a small area of the
wafer is exposed at a time. This improves the resolution because reducing the
exposure field decreases distortion.
With optical lithography technique, linewidths in the range of 0.5 to 1 gm can
be produced in production. The resolution is ultimately limited by the
wavelength of light. The wavelength of visible light typically used ranges from
300 to 420 nm. Using lightwave with shorter wavelength improves resolution,
but finding the photoresists that can be exposed by shorter wavelength
lightwave becomes more difficult. Recently, deep-UV sources with wavelength
less than 310 nm have been used to produce submicron features down to 0.5 gm.
The visible and deep-UV lithography are the only commercial methods used to
fabricate integrated circuits in mass production at this time.
Masked X-ray Lithography
The masked X-ray lithography is similar to the optical proximity printing
lithography. The major difference is that X-ray system uses an X-ray source such
as the synchrotron source instead of the light source used in the optical system.
The resolution of X-ray system is much better than the optical system because of
shorter wavelength and lower defect in the X-ray system. The wavelength of X-
ray is in the range of 0.2 to 2 nm. The defects due to particulate contamination
are low because organic materials are transparent to X-rays. The X-ray system
can be used to produce IC's with linewidth in the range of 0.1 and 0.4 gin.
However, the cost of X-ray source and mask make X-ray system almost
prohibitive except in mass production environment. A synchrotron source can
cost in the vicinity of $10M to $30M. A single X-ray mask can cost about $25K
to $30K compared to an optical mask which costs about $1,000. In the near
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future, X-ray system may emerge first in large corporations which fabricate IC's
with submicron features in mass production [Glendinning and Helbert].
Masked Ion Lithography
The main masked ion lithography is the ion projection lithography. The ion
projection lithography is similar to the optical projection lithography in structure.
In ion lithography, electromagnetic or electrostatic lenses instead of optical lenses
are used to focus or collimate the ion beam using the charged particle nature of
ions. Of the two major ion sources. the liquid metal and gaseous field, liquid metal
ion source is widely used because it is simpler and offers more species of ions.
Liquid metal alloy ion sources also led to the development of direct implantation
technique for semiconductor fabrication. Using implantation technique, resist
process can be eliminated and ions can be directly passed through a patterned
mask and implanted on the wafer. The resolution of ion lithography is
comparable to X-ray lithography and high volume production of devices with
linewidth in the range of 0.1 gm to 0.5 gm are possible [Glendinning and
Helbert].
Masked Electron Beam Lithography
The reduction type projection electron lithography developed at IBM represents
the main masked electron lithography. The projection lithography is analogous
to the optical projection lithography. In electron lithography, the charged nature
of electrons are used to focus the electron beam. Using demagnification of 10X,
linewidth of down to 0.25 jtm can be produced. [Brodie and Muray] The rough
estimation of the cost of electron lithography system range from $1.5M to $3M
[Elliott].
6.2.1.2 Direct Write Lithography
In direct write lithography, the radiating energy source beam is focused to form a
small spot size. In the masked lithography, the desired pattern stored in a mask is
transferred to the photoresist in one exposure. However, in direct write
lithography, exposure is done serially as the focused beam actually moves along
to create the desired circuit pattern stored in a computer. Although direct write
lithography is slow compared to masked lithography because of its serial nature, it
has several unique applications. The direct write lithography is currently used to
fabricate masks. It is also used in making prototype integrated circuits. It can
also be used to repair masks and integrated circuits. Two major types of direct
write lithography are the focused electron beam lithography and focused ion
beam lithography.
Focused Electron Beam Lithography
The focused electron beam lithography uses beam with energy of several tens of
kilovolts as its source. The beam is focused by electromagnetic lenses. It is
guided and controlled by magnetic fields much the same way the electron beam is
guided in a cathode ray tube. In direct write raster scan type electron beam
lithography, the beam scans line by line and is blanked on and off at each pixel in
a line to reproduce the circuit pattern stored in the data. In direct write vector
mode, the beam follows the circuit pattern and scans only the pattern to be
exposed resulting in increased throughput [Glendinning and Helbert]. The
resolution of focused electron beam lithography is down to linewidth of 100 nm
[Brodie and Muray].
Focused Ion Beam Lithography
The focused ion beam lithography typically uses the liquid metal ion source. The
focused ion beam lithography is similar to focused electron beam lithography in
structure. The ion beam can achieve linewidth of down to 30 nm. Similar to the
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projection ion lithography, the focused ion beam lithography can also be used for
direct implantation of ions on the wafer without resists. Moreover, the dosage
can be varied from point to point resulting in the capability to fabricate unique
devices [Glendinning and Helbert].
6.2.2 Writing with Scanning Probe Microscopy
This section discusses two types of direct write application of scanning probe
microscopy. One is the application in the direct write lithography and the other is
direct surface modification. The techniques used to compete directly with the
conventional direct write lithography process are categorized under the direct
write lithography with SPM. The direct surface modification technology refers to
general nanometer scale surface modification techniques that does not rely on
resist method.
6.2.2.1 Direct Write Lithography with SPM
The scanning probe microscopy can be used in several different methods in the
application of direct write lithography. The probing tip of the scanning probe
microscopy nearly contacts the surface in observation with a gap in atomic scale.
The tip makes the nanometer scale local region of a sample accessible for
experimentation. In the following section, three of the typical methods are
discussed.
Low Energy Electron Beam Direct Write Lithography with STM
First is the low energy electron beam lithography using scanning tunneling
microscopy. In the scanning tunneling microscope low energy electron beam
lithography system, the tunneling current between the STM probing tip and the
sample can be used as a low energy electron beam. The locally confined
tunneling current can be applied to expose the local area of resist material.
Because the tunneling electron beam is narrow in nature, it does not have to be
focused.
Using the scanning tunneling microscope low energy electron beam
lithography technique, Marrian at Naval Research Laboratory exposed the
photoresist, SAL-601, and developed features on the resist with linewidths as
small as 23 nm. The experiment was conducted in a ultra-high-vacuum(UHV)
environment. P-type Si substrate was coated with SAL-601 to a thickness of 30
nm and was passivated to ensure conductivity. In the lithography process, STM
tip to sample voltage of -15 V was applied and tunneling current of 10 pA was
required. The tip was moved at velocity of 500 nm/s to provide line dosage of
200 nC/cm [Marrian and Dobisz].
Low Energy Electron Direct Write Lithography with AFM
Another method of low energy direct write lithography incorporates the atomic
force microscopy technology. In this method, the atomic force microscope's
capability to make a close contact to a localized area of a sample is exploited.
Atomic force microscope uses a cantilever shaped tip to scan and produce a
image of a surface of a sample. The delicate tip makes contact with the sample
with atomic level of force. In variable force mode, the vertical position of the tip
is monitored by optical interferometry or tunneling current while the sample is
scanned. In constant force mode, feed back is used to vertically move the sample
and the cantilever tip is kept at a constant position corresponding to the desired
level of force.
In the atomic force microscope low energy electron lithography, the AFM tip
is coated with a thin conducting material. Then, the resist material coated sample
which is in contact with the tip can be exposed by applying voltage to the tip to
induce current between the tip and the sample. Using the atomic force
microscope low energy electron lithography, Nagahara et al. reported obtaining
features with linewidth in the range of 30 to 40 nm on PMMA photoresist
material. The Si3N4 cantilever beam was coated with Cr and gold. Thin PMMA
of thickness 20 nm was coated on 25 nm thick gold-coated GaAs substrate. The
AFM was operated under constant force mode in the range of 10 to 20 nN. In
the experiment, tip to sample voltage was 7 V with a scan velocity of
approximately 1 gm/s [Nagahara et al. ].
Optical Direct Write Lithography with NSOM
Using near-field scanning microscopy technology, locally confined lightwave
beam can be produced for optical direct write lithography application. A
simplified diagram of the near-fieldsub-wavelength aperture concept is shown in
Figure 6-1 [Froehlich et al. ]. The radius of the aperture is denoted r. The optical
radiation remains collimated to a distance of approximately one radius from the
screen in the near-field sub-wavelength aperture concept [Betzig et a 1.].
Therefore, with a sample to aperture separation of 25 nm, a resolution of 50 nm is
theoretically possible. The gap between aperture and sample can be maintained
by either using the scanning tunneling microscopy or atomic force microscopy
principles.
The optical direct write lithography with NSOM has been conducted by
Froehlich et al. Their experiment was carried out in air. The tip consisted of an
80 nm diameter fiber tip coated with aluminum and gold. Thus, an aperture of
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Figure 6-1. Near-field sub-wavelength aperture concept
diameter 80 nm and a conducting tip for tunneling current is provided. Positive
photoresist(Shipley 1805) of thickness 50 nm covered with 30 nm thick
evaporated gold was used as a sample to be exposed. HeCd light with
wavelength of 442 nm was used to provide radiation. During the exposure,
tunneling current of 0.5 nA was required to maintain a gap of approximately 1
nm. They have been able to produce features with linewidth down to 200 nm
[Froehlich et al.].
6.2.2.2 Direct Surface Modification with STM
Besides the lithography application, scanning tunneling microscopy can also be
used in several different methods in direct writing through modification of the
surface of sample. Four of the common direct writing methods are discussed in
the following.
Direct Writing by Abrasion using STM
In direct writing by abrasion technique, the tip of the scanning tunneling
microscope operating with feedback in vertical direction can be moved down and
made to contact the sample by controlling the gap. The tip can be controlled to
physically make indentations on the sample's surface. Thus, direct writing is
accomplished by abrasion of the sample's surface.
Using this abrasion technique, Garfunkel et al. produced indented lines of 8
nm in width and 1 nm in depth. The STM experiment was performed in ambient
atmosphere with a single crystal conducting oxide, Rbo.3MoO 3. In the scanning
mode of STM, bias voltage in the range of 50 to 500 mV was applied while
tunneling current in the range of 100 to 300 pA was required. In the production
of the indented line, voltage was reduced to 10 mV while the required tunneling
current was increased to 0.25 nA [Garfunkel et al.].
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Direct Writing by Chemical Reaction using STM
Inducing a local chemical reaction is another way of direct writing by surface
modification using scanning tunneling microscopy. The probing tip of the
scanning tunneling microscope can be used to deliver energy in the form of
tunneling current to a localized area on the surface of sample. This energy
supplied can cause chemical reaction to take place in the localized region
allowing grooves to be formed.
Using this localized chemical reaction process, Mizutani reported obtaining
grooves of width in the range of 2 to 4 nm. The experiment was conducted in
ambient atmosphere with a highly ordered pyrolytic graphite which was
submerged in water for 12 hours to supply graphite with H20. Chemical reaction
of the following equations seem to have caused grooves to form [Mizutani et al.].
C + H20 +175.32 kJ/mol = CO + H2
C + 2H 20 +178.17 kJ/mol = CO 2 + 2H 2
In the scanning mode, the bias voltage of +200 mV was applied while tunneling
current of 200 pA was required. In the experiment, voltage pulses of +3.5 volts
in magnitude for duration of 320 gs was applied.
A similar surface modification was also conducted on graphite by Albrecht et
al. In this experiment, dry graphite was used in air without any treatment. In this
case, they rely on water molecules in air to provide HO0 for the chemical reaction.
A voltage pulse of +7.5 volts in magnitude and 78 gs in period was applied at a
gap separation corresponding to V, = 0.5 and I, = 10 nA [Albrecht et al.].
Direct Writing by Melting using STM
Direct writing can also be accomplished by melting a localized area of a sample by
applying tunneling current using the scanning tunneling microscopy. The energy
supplied by tunneling current to the local surface may be used to melt or change
phase of the local surface of sample. A cone or mound may be formed as the
molten mass could be attracted to the probing tip by the electric field.
In ultra-high-vacuum(UHV) environment, Staufer et al. produced cone
structures of different sizes ranging from FWHM of 4.0 to 11.5 nm. A flat metallic
glass, Rh2 5Zr75, was used as a sample surface. The scanning tunneling
microscope was operated with tip to sample voltage of 0.1 V and tunneling
current of 1 nA during scanning mode. During the fabrication of the cone
structures, tip to sample voltage was increased to the range of 1.0 to 0.7 V was
used while the required tunneling current was increased to 160 nA. They were
also successful in producing lines with 20 to 40 nm in width [Staufer et al.].
In ambient atmosphere, Shneir et al. produced mounds with diameters of 5 to
10 nm on an atomically flat gold surface coated with fluorocarbon grease,
although controlling the fabrication process remains to be further studied [Shneir
et al.].
Direct Writing by Gas Deposition using STM
Gas deposition technique has also been used in conjunction with the scanning
tunneling microscopy to directly write on a sample. During a regular operation of
a scanning tunneling microscope in vacuum, metallic gas can be allowed to enter
and cover the sample. The metallic gas can be directly deposited to the local
surface of the sample receiving the tunneling current.
Ehrics et al. have written dots with diameters of 30 to 40 nm and lines with 25
nm in width. They used dimethylcadmium organometallic gas for deposition.
Substrate used was n-type, 0.5 2 cm silicon. In the scanning mode, the scanning
tunneling microscope operated with tip to sample voltage of -2.8 V and required
current of 2 nA. In deposition mode, the STM was operated with tip to sample
voltage of 11.8 V and required tunneling current of 500 nA at a pressure ranging
from 0.2 to 1 Torr [Ehrics et al.].
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6.2.3 SPM and Direct Write Lithography
The important factors in direct write lithography are resolution, cost, resist, speed,
and registration. Among these factors, the scanning probe microscopy offer
significant advantages in resolution at a much lower system and operation cost.
For example, the resolution of focused electron beam lithography and the focused
ion beam lithography are roughly 100 nm and 30 nm, respectively. However,
with the scanning probe microscopy, resolution of roughly 25 nm is possible
using the direct write lithography with SPM and resolution of under 10 nm is
possible with the direct surface modification with STM.
In the future, the scanning probe microscopy may play an important role in the
field of nanotechnology. It may provide a new technique in the field of direct
write lithography in the 'semiconductor industry. SPM also offers new ways to
do research in the area of direct surface modification.
6.3 Writing Experiment
A surface modification experiment requires scanning area on the order of several
nanometers by several nanometers. Also, non-flat irregular surfaces may need to
be imaged. Therefore, a constant current mode imaging was used for these
experiments.
6.3.1 Constant Current Mode Imaging
One of the first image of the graphite surface taken under the constant current
mode using our scanning tunneling microscope is shown in Figure 6-2. In the
gray scale image, the whiter regions represent the protrusions. The graphite
image has been digitally filtered. During the scanning, a bias voltage of 50 mV
was applied while the tunneling current was constantly maintained at 10 nA with
a digital PI feedback control. The graphite surface was scanned with a frequency
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Figure 6-2. STM image of graphite (constant current mode)
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of input signal, F,, at near 20 Hz. The amplitude of the atomic corrugation
calculated based on the experimentally measured data in Figure 4-2 is about 1.3
A.
Although the image is not as clear in comparison to the graphite images
presented in Chapter 5, it certainly demonstrates our scanning tunneling
microscope's capability to image in the constant current mode. For example, the
left half of the image shown in Figure 6-2 shows the hexagonal carbon graphite
structure as discussed in Chapter 5. The fading images and vertically folded
images in the right half are mainly due to drift in the y direction caused by the low
scanning speed in combination with the influence of uncontrolled environment,
such as thermal drift. The scanning speed in constant current mode is limited by
the feedback control speed.
Currently a better imaging technique in the constant current mode is being
studied. A new higher speed A/D board and CPU, we now have will help in
increasing the scanning speed of constant current mode. A more sophisticated
filter may also aid in obtaining a better image by reducing the drift effects.
6.3.2 Surface Modification Experiment
In the surface modification experiment, several experiments were conducted to
try to create a hole on the graphite surface. The process used in the experiments
were similar to the one used by Albrecht et al [Albrecht et al.]. A voltage pulse
applied to a graphite surface is supposed to induce a chemical reaction which
creates a hole.
The procedure for the experiment was as follows. First, an area of 10 or 16 nm
by 10 or 16 nm was scanned under the constant current mode. The size of this
scan area was determined based on the expected hole size of 3 to 5 nanometers in
diameter. After the first scan, the STM tip is continuously moved to the center of
the scanning area in the constant current mode. Then, a voltage pulse in the
xy
(a) before pulse
(b) after pulse
Figure 6-3. Scanning of 16 nm by 16 nm in constant current mode
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range of 3 to 8 volts in magnitude and about 78 ýts in period was applied. After
the pulse is applied, the same area was scanned again to verify any changes in the
surface structure.
Figure 6-3 shows the result one of one of the experiments. It shows that no
hole is observed in this experiment. The scanning area was 16 nm by 16 nm with
the spacing between each data point shown in the grid to be 1 nm. The x-y plane
resolution of 1 nm was chosen to minimize the data memory size and the total
scanning time, but it should be sufficient to resolve a hole with a size of 3 to 5
nanometers. Also, the variation of the surface amplitude in z direction was about
4 A. If a hole is created by removing some of the atoms at the top layer, we
expect its depth to be over a double of this variation. A voltage pulse of 7.5 volts
in magnitude and 78 gs in period was used. The total scanning time was 2.5
seconds corresponding to a very slow rate of 4 Hz for the number of line scans
per second.
Other similar experiments were also conducted. For example, the voltage
pulse of 7.5 volts in magnitude and 78 gs in period was applied at a larger gap
separation corresponding to VT = 0.5 and IT = 10 nA as suggested by Albrecht et
al. However, the results were similar and no hole was observed.
6.4 Summary
In this chapter, a brief literature survey of conventional micro-lithography
processes and the new surface modification techniques available with the
scanning probe microscopes. Then, the experimental work in constant current
mode imaging is presented. A successful STM graphite image was obtained using
our in-house scanning tunneling microscope. An attempt has been made to
modify the surface of HOPG graphite in air, but the modifications were not
obtained.
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Chapter 7
Conclusion
The purpose of this thesis work is to improve the performance of the scanning
tunneling microscope for other applications such as the surface modification in
nanometer range. In this thesis work, the scanning tunneling microscope used has
been tested and evaluated for modifications and increased performance. The
piezoelectric driver and the output amplifier circuit of the scanning tunneling
microscope has been characterized for its frequency response. The scanning
tunneling microscope's electrical noise has been reduced and the stability of the
STM tip has been improved.
The improvements are evidenced by the experimental STM images of the
highly ordered pyrolytic graphite presented in Chapters 5 and 6. The scanning
tunneling microscope became much more reliable than when we started out.
However, the surface modification experiment on HOPG in air using the scanning
tunneling microscope has been unsuccessful. One of the reasons is that the
improvements on the STM came late and was not fully taken advantage of.
However, better results are expected for the future work..
Appendix A
Inchworm Motor
This section discusses the principle of inchworm motor and presents the
specifications. The inchworm motor was purchased from
Burleigh Instruments, Inc.
Burleigh Park
P.O. Box E
Fishers, NY 14453
Tel: (716) 924-9355
Fax: (716) 924-9072.
The model numbers of the inchworm motor and its controller are UHVC-100-1
and 6000, respectively. The following four pages, which are excerpts from the
inchworm motor's manual, show the most critical information about the inchworm
motor. For further information, contact Burleigh Instruments, Inc.
PRINCIPLE OF INCHWORM MOTION
Both outer elements, numbered 1 and 3 in the Figure 3, contract when
voltage is applied and firmly clamp onto the shaft. The center element,
numbered 2, contracts along the shaft with increasing voltage. All three
elements operate independently from one another. Note that the different
motor contacts have to be connected to the appropriate color coded wires of
the supplied cable for proper operation.
3 CLAMPS
DIRECTION OF
CONTROLLED
MOTION
2 CONTRACTS
1 CLAMPS THEN 3 UNCLAMPS
2 EXTENDS
Figure 3 Inchworm Operating Principle
The controller sequences the clamps and center element voltages to generate
Inchworm motion as follows:
* actuate clamp element 3, release clamp 1
* contract center element 2, moving shaft to the right
* actuate clamp 1, release clamp 3
* extend center element 2
* repeat sequence
Reverse travel is achieved by reversing the sequence for actuating the clamp
elements. Optional forward and reverse limit switches may be used to
automatically halt further travel when either extreme of travel is reached.
Extension of the center element causes about 2 microns of shaft movement
between clamp changes. This shaft movement depends on the controller
being used. (See Section 6 for the extension produced by Burleigh's
controllers.)
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The mechanical motion of the Inchworm is generated by three independent
drive voltages. The voltage applied to the clamp element by the controller
has two levels - ON (clamped) and OFF (unclamped). the center element
receives a positive or negative sloped ramp voltage (staircase) for smooth
motion. the slope of these ramp signals, coordinated with the clamp change
frequency, determines translation speed. See Figure 4.
DIRECTION OF
CONTROLLED
Figure 4 Control Signals
i
MOTION PROFILE AND THE CONTROLLED APPROACH FEATURE
For sub-micron positioning each voltage ramp is electronically divided into
discrete levels. The number of discrete levels depends on the controller used.
Between clamp changes the ramp may be halted at any level to achieve high
mechanical resolution. The clamping and unclamping process generates a
discontinuity in the motion which varies slightly from motor to motor. The
typical magnitude is 0.5 Rm under no load condition. No load condition is
defined as pushing a load less than 100 grams. This discontinuity, or
"glitch", is predictable in magnitude and direction which allows the motor to
be manufactured so that the forward and reverse glitches cancel each other.
Thus, the shaft always advances in the controlled approach direction under
the control of the center extension element. See Figure 5.
As shown in Figure 5, the mechanical resolution (R) of the motor is the total
extension between clamp changes divided by the number of discrete voltage
steps (i.e. staircase) provided by the controller. (See Section 6 for the
controller specifications).
Controlled
Approach
Direction
Distance
Time
Figure 5 Motion Profile
SPECIFICATIONS
Wire Inchworm Motor to feedthrough
1000 vMIL, 32 AWG (or larger)
Temperature Range
Operation 10 to 70*C
Storage 0 to 175*C
UHVS-1100 Stage
Travel Length
Run out
Pitch/yaw
25.4 mm (1 inch)
<2.5 4m (.000100 inch)
<25 arcses over 25 mm travel
Parameter Operation with a 6000 Operation with a
or 7000 Series ARIS-950
Controller Controller
Travel See Table 1
Typical Sensitivity of PZT 2.9 nm/V
Extension Element
Typical Mechanical 4 nm 1 nm
Resolution
Typical Total Extension 2 microns 1.4 microns
Between Clamp Changes
Maximum Speed 1 mm/sec 0.33 mm/sec
Minimum Speed 2 nm/sec 1 nm/sec
Minimum Axial Push Force 1 Kg 0.5 Kg
Typical Off-Power Axial 0.5 Kg
Holding Force
Maximum Lateral Force 0.1 Kg
Total Motion Discontinuity <1.0 micron <0.5 micron
During Clamp Change (no load) (no load)
< 2.0 micron <1.0 micron
(1.0 Kg load) (0.5 Kg load)
Net Forward Glitch During Less Than Zero (In the controlled approach
Clamp Change direction.)
Appendix B
Piezoelectric Tube
This section provides the specifications for the piezoelectric tube used in our
scanning tunneling microscope. The piezoelectric tube was purchased from
Stavely Sensors Inc.
91 Prestige Park
East Hartford, CT 06108
Tel: (203) 289-5428
Fax: (203) 289-3189.
The model number of the piezoelectric tube is EBL#2. The dimension of the
piezoelectric tube used in our STM were customized at
.125"+.002"(OD) X .020"+.001"(Wall Thickness) X .500"+.003"(Length).
The Tables B.1 and B.2 show some of the most critical specifications. For further
information, contact Stavely Sensors Inc.
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LEAD ZIRCONATE TITANATE TUBE CHARACTERISTICS
ELECTRIC PROPERTIES: EBL#1 EBL#2 EBL#3 EBL#4
d31 (X 10-12 meter/volt) -127 -173 -262 -95
d33 (x 10-12 meter/volt) 295 380 583 220
g31 (x 10. 3 meter/Newton) -10.7 -11.5 -8.6 -10.2
g33 ( x 10- meter/Newton) 25.0 25.0 19.1 23.7Curie Temperature ( 0C ) 320 350 190 300
FREQUENCY CONSTANTS:
Length Mode (N1 KHz-in) 64 53 53 69
Thickness Mode (N2 KHz-in) 79 70 69 86
STANDARD DIMENSIONS:
OD
.125" ± .002" x
.250" ± .002" x
.500" ± .002" x
Wall Thickness
.020" ± .001"
.020"± .001"
.030"± .001"
Length
.500" ±.003"
1.00" ±.003"
.500" - .003"
ELECTRODE MATERIALS: Nickel, Gold ,Copper
OPTIONAL CONFIGURATIONS:
Single or Double-Wrap Tab Electrodes.
Parallel Axis Sectioning in Four 90 Degree Quadrants.
Circumferential Banding
O.D. .100" - .750" Wall thickness of .020"
O.D. .750" - 1.000". Wall thickness of 0.30"
Special wall thicknesses, diameters and lengths on request.
DESIGN FORMULA:
Static Displacement
A LENGTH (L) L = 2d 31 VL
(OD - ID)
RADIAL (r)
Scan Range:
N2d 3, VL2
Dr Oh
h = wall thickness
A r= d33 V
Frequency Constant
N1 = fa (L)
N2 = fr (OD - ID)
2
Maximum Drive Fields:
DC - 24v/mil Wall Thickness
AC/Reverse DC - 12v/mil Wall Thickness
Table B.1. Lead zirconate titanate tube characteristics [from Stavely Sensors Inc.]
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PZT: CHARACTERISTICS
Density
(qmicm 3 )
Cune Temp OC
0 Mech
Free Dielectric
Constant
Dissipation
Factor
(% (~ 1KHz)
d33(x10 - 12m/v)
933(x 10 - 12 m/v)
Frequency
Constant(Hz-meter)
EBL EBL EBL EBL EBL EBL EBL
#1 #2 #3 #4 #5 #6 #7
750 7.50 745 7.50 7.70 745 750
3200 350' 190" 300°  350* 2200 300"
400 100 65 960 600 75 900
1300 1725 3450 1050 425 2750 1100
.004 .020 020 .004 025 .020 .004
300 380 585 220 150 490 240
25.0
2006
25.0 19.1 23.7 41.0 20.9 24.8
1778 1765 2181 2032 1727 2141
Mechanical Specifications
Standard Tolerances: Diameter - - .000"
- .003"
Length & Width - = .005"
Frequency - = 5%
Dielectric Properties - = 10%
Standard Thickness Uniformity
Flat Elements:
Focussed Elements:
= .0003" under 3'/" maximum dimension.
- .0008" over 3½" maximum dimension.
- 5 percent (.005" is the present limit of
uniformity on spherical radius.)
Electrode Materials: Electroless nickel and electroless gold.
Fired silver and fired gold.
Non-standard tolerances available upon request.
Table B.2. PZT: characteristics [from Stavely Sensors Inc.]
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Appendix C
Constant Current Scanning Code
This section lists the computer code for controlling the scanning tunneling
microscope for the constant current mode of operation. The code is written in C
language have been run with the 386 or 486 PC. The fucntions used in the code
are originally written by Ohara in the Laboratory for Manufacturing and
Productivity at MIT.
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Page 1 of 15
Printed 2/9/94
/* ---------------- Jason Y.J. Pahng ----- Feb/94
*/
/* ------------------- constant current mode
*/
#include <stdio.h>
#include <stdlib.h>
#include <conio.h>
#include <graph.h>
#define BAS DAR 0x300
#define BAS ADR Ox2ec
#define COM REG Ox2ed
#define STS REG Ox2ed
#define DAT REG Ox2ec
#define COM WT 0x4
#define WT WT 0x2
#define RD WT 0x5
#define CCLR Oxl
#define CCLK 0x3
#define ADGAIN Ox0
#define ADSCHN Oxl
#define ADECHN Oxl
#define CSAD Oxd
#define CRAD 0x2e
#define CSTP Oxf
#define PRD 200
#define BSV 2000
#define MX 64
#define MY 64
/* DMA parameter
#define DMA CHN 1
#define DMA MOD 0x45
#define BAS REG 2
#define CNT REG 3
#define PAG REG 0x83
#define DMA BSL 0
#define DMA BSH OxdO
#define DMA PAG 0
*/
int ern=l,wrn=0,bk=0;
float kp=0, ki=0, kd=0, realv1, vl;
struct c_tag {
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unsigned char
unsigned char
};
union u_tag {
struct c tag
unsigned int
} dat;
low;
high;
wd;
word;
/* graphics */
/*int newx(int);
int newy(int);*/
struct videoconfig scrn;
int maxx, maxy, tmpl, tn[MX I[MY], tn2[MX][MY], acc, h;
float ac;
/* control */
int tv,clk=0,ref,ofx,ofy,cl,c2,ernl=l,ss=1;
float S[4097];
main ()
char yn;
static int i=l,j=l;
static long li;
while (1) {
/* initialize graphics mode
gmode();
/* Input parameters */
bk=l;
while (bk==ll kp==O){
printf("\n");
printf("Command Menu\n");
printf("O: Start program\n");
printf("1: Set parameters\n");
printf("2: Move inchworm motor\n");
printf("3: D/A test\n");
printf("4: Retrieve data\n");
printf("5: Quit program\n");
scanf ("%d",&bk);
switch(bk){
case 0: break;
case 1: ptrs();
initdac(); break; /* initialize D/A */
case 2: iwrm(); bk=l; break;
case 3: datst(); bk=l; break;
case 4: rtrvlog(); bk=l; break;
case 5: kp=l; break;
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default: bk=l;
if (bk==5) break;
/* initialize A/D */
initadc ();
/* printf ("start\n");
/* coarse positioning */
bk=2;
while((inp(STSREG)&RD_WT)==OxO);
dat.wd.low=inp(DAT REG);
while((inp(STSREG)&RDWT)==OxO);
dat.wd.high=inp(DATREG); /* m
dat.word=S[4096-dat.word];
/* tmpl=dat.wd.high;
dat.wd.high=dat.wd.low;
dat.wd.low=tmpl; */ /* c
if ((inp(STS REG)&0x80) !=0) {
ern=10;
printf("A/D error!\n");bk=0;} /
neasuring tunneling current */
hange for 486 */
* A/D error */
clk=0;
while (bk>l){
while((inp(STSREG)&RDWT)==0x0);
dat.wd.low=inp(DAT_REG);
while((inp(STS_REG)&RD_WT)==0x0);
dat.wd.high=inp(DAT REG); /* measuring tunneling current */
dat.word=S[4096-dat.word);
/* tmpl=dat.wd.high;
dat.wd.high=dat.wd.low;
dat.wd.low=tmpl; */ /* change for 486 */
/* printf("dat.word=%d\n",dat.word);
printf("ref=%d\n",ref); */
if ((inp(STS REG)&0x80)!=0) {
ern=20;
printf("A/D error!\n");bk=0;} /* A/D error */
else aprch(); /* coarse positioning */
if (bk==l) break;
/* printf("passed 1\n"); */
/* PI control data acquisition (waiting and scanning) */
for(li=0;li<50000&&ern==l;li++)
while((inp(STS REG)&RD_WT)==0x0);
dat.wd.low=inp(DAT_REG);
while((inp(STSREG)&RD WT)==OxO);
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dat.wd.high=inp(DAT REG);
dat.word=S[4096-dat.word];
/* tmpl=dat.wd.high;
dat.wd.high=dat.wd.low;
dat.wd.low=tmpl; */
if ((inp(STS_REG)&0x80)!=0) {
ern=21;
printf("A/D error!\n");bk=0;
else{
/* change for 486 */
/* A/D error */
if (dat.word<0)
printf("gap too small! error \n");
ern=45;break;}
if (li<40000) pictrl();
else xyctrl(0,0);}
/* gap too small
/* waiting */
/* move to initial position */
/* ------------ first scan in the constant current mode
-- */
for(i=0;i<MX/2&&ern==l;i++){
for (j=0;j<ss*MY&&ern==l;j++){
xyctrl(i*2,j/ss);
for(li=0;li<36&&ern==l;li++){ /*pi control*/
while((inp(STS REG)&RD WT)==0x0);
dat.wd.low=inp(DAT_REG);
while ((inp(STSREG)&RDWT)==0x0);
dat.wd.high=inp(DATREG);
dat.word=S[4096-dat.word];
if ((inp(STS REG)&0x80)!=0) {
ern=21;
printf("A/D error!\n");bk=0;} /* A/D error */
else{
if (dat.word<0){
printf("gap too small! error \n"); /* gap too
small */
ern=45;break;
pictrl ();
tn[i*2] [j/ss]=dat.word;
} /* end for-loop li */
} /* end for-loop j */
for (j=ss*MY-l1;j>-l1&&ern==1;j--){
xyctrl(i*2+1,j/ss);
for(li=0;li<36&&ern==l;li++){ /*pi control*/
while( (inp(STS REG)&RDWT)==OxO);
dat.wd.low=inp(DATREG);
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while((inp(STS REG)&RD_WT)==OxO);
dat.wd.high=inp(DAT_REG);
dat.word=S[4096-dat.word];
if ((inp(STSREG)&0x80) !=0) {
ern=21;
printf("A/D error!\n");bk=0;
else{
if (dat.word<0){
printf("gap too small! error
small */
ern=45;break;}
pictrl() ;
tn[i*2+l] [j/ss]=dat.word;
} /* end for-loop li */
} /* end for loop j */
} /* end for-loop i */
/* ------------------------- end first scan---------------------------
-----*/
for (i=0;i<MX&&ern==1l;i++){ /* move to (0,0) */
xyctrl(0,MX-i);
for(li=0;li<36&&ern==l;li++) { /*pi control*/
while((inp(STS REG)&RD WT)==OxO);
dat.wd.low=inp(DATREG);
while((inp(STS REG)&RD WT)==0x0);
dat.wd.high=inp(DAT_REG);
dat.word=S[4096-dat.word];
if ((inp(STS REG)&0x80)!=0)
ern=21;
printf("A/D error!\n");bk=0;} /* A/D error */
else{
if (dat.word<0){
printf("gap too small! error \n");
ern=45;break;}
pictrl();
tn(i*21[j/ss]=dat.word;
/* gap too small
} /* end for-loop li */
/* end for loop i */
/* ------------ second scan in the constant current mode ---------------
*/
for(i=0;i<MX/2&&ern==l;i++){
for (j=0;j<ss*MY&&ern==l;j++){
xyctrl(i*2, j/ss);
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for(li=0;li<36&&ern==;li++) { /*pi control*/
while((inp(STS REG)&RD WT)==0x0);
dat.wd.low=inp (DAT REG);
while((inp(STS REG)&RD WT)==0x0);
dat.wd.high=inp(DAT REG);
dat.word=S[4096-dat.word];
if ((inp(STS_REG)&0x80)!=0) {
ern=21;
printf("A/D error!\n");bk=0;} /* A/D error */
else{
if (dat.word<0){
printf("gap too small! error \n"); /* gap too
small */
ern=45;break;
pictrl();
tn2[i*23 [j/ss]=dat.word;
} /* end for-loop li */
} /* end for-loop j */
for (j=ss*MY-1;j>-1&&ern==1;j--){
xyctrl(i*2+l,j/ss);
for(li=0;li<36&&ern==l;li++) { /*pi control*/
while((inp(STS REG)&RD WT)==0x0);
dat.wd.low=inp(DATREG);
while((inp(STS_REG)&RD_WT)==OxO);
dat.wd.high=inp(DAT REG);
dat.word=S[4096-dat.word];
if ((inp(STS_REG)&0x80)!=0) {
ern=21;
printf("A/D error!\n");bk=0;} /* A/D error */
else{
if (dat.word<0){
printf("gap too small! error \n"); /* gap too
small */
ern=45;break;}
pictrl() ;
tn2[i*2+1][j/ss]=dat.word;
} /* end for-loop li */
} /* end for loop j */
) /* end for-loop i */
/* ---------------------- end second scan --------------------------
---- */
/* A/D stop */
outp(COMREG,CSTP);
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i=inp (DATREG) ;
dat.word=1000;
outp(BASDAR+8, dat.wd.low);
outp(BASDAR+9, dat.wd.high);
/* DWG & File save */
if (ern==1){
printf ("finished\n");
drawg() ;
savef () ;
for (cl=0; cl<MX;cl++)
for (c2=0;c2<MY;c2++)
tn [cl] [c2]=tn2 [cl] [c2];
drawg () ;
savef () ;
else {
printf ("Error No= %d\n",ern);
yn=getch () ;
}
/* A/D stop */
outp(COM REG, CSTP);
i=inp (DAT REG) ;
}
rtrvlog() { /* data load */
int i,j;
char yn, fnm[10 ];
FILE *fptr;
printf("Input file name \n");
fflush (stdin);
gets (fnm);
if ((fptr=fopen(fnm,"r") )!=NULL) {
for(i=0;i<4097; i++){
fscanf (fptr,"%e ",&S[i]);
}
fclose(fptr);
for(i=0;i<4097;i++){
S [i]=(S[i]+10)*4096/20;
}
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for (i=O;i<10;i++)
dat.word=S[i*400];
printf("read log table and %d\n",dat.word);
/* drawg();
yn=getch();
gmode ();
else printf("file error");
}
rtrv(){ /* data load */
int i,j;
char yn, fnm[10];
FILE *fptr;
printf("Input file name \n");
fflush (stdin);
gets(fnm);
if ((fptr=fopen(fnm,"r")) !=NULL)
for(i=0;i<MX;i++){
for(j=0O;j<MY;j++) fscanf(fptr,"%7d ",&tnli][j]);
fclose(fptr);
drawg();
yn=getch();
gmode();
else printf("file error");
datst(){
int ch,iv,i;
float v;
printf("Channel No ");
scanf("%d",&ch);
printf("Voltage ");
scanf("%e",&v);
if (ch>2) iv=v/5.0*2048.0+2047;
else iv=v/2.5*2048.0+2047;
if (ch==0)iv=v/10.0*4096.0;
dat.word=iv;
outp(BAS DAR+2*ch,dat.wd.low);
outp(BASDAR+1+2*ch,dat.wd.high);
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i=inp(BAS DAR);
}
iwrm() { /* inchworm test */
int i,d=2;
long int j=O;
/* I/O initialize */
outp(BAS DAR+Oxf,0x99);
while (d>llId<O){
printf ("0: Upward\n");
printf("1: Downward\n");
scanf("%d",&d);
}
printf("Input clock ");
scanf("%ld",&j);
while (j>0) {
outp(BAS DAR+Oxd,d*2+1);
for (i=0;i<50;i++);
outp(BASDAR+Oxd,d*2);
for (i=0;i<50;i++);
j--;
}
aprch() { /* coarse positioning */
int chk;
static long ja=1;
if (dat.word<ref){ /* check if gap enough small */
bk=O;
outp(BAS DAR+Oxd,4+chk); /* inchworm stop */
pictrl ();
else { /* If gap too large */
/* printf("pass 2\n"); */
if (ja>100000) bk=l;
else {
chk=clk/16000;
if (chk>l) {
clk=0;
chk=0;
ja++;}
dat.word=BSV+clk/75;
outp(BAS DAR+8, dat.wd.low);
outp(BAS DAR+9, dat.wd.high); /* piezo extends */
outp(BASDAR+Oxd,0+chk); /* inchworm up little by little
*/
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clk++;
}
}
savef ()
int i,j;
char yn, fnm[10];
FILE *fptr;
printf("Want to save the data ?\n");
do {
yn=getch();
yn=tolower(yn);
while(yn!='y' && yn!='n');
(vn=='v') {
printf("Input file name \n");
fflush(stdin);
gets(fnm);
if ((fptr=fopen(fnm,"w"))!=NULL){
for(i=0;i<MX;i++){
for(j=0;j<MY;j++) fprintf(
fprintf (fptr, "\n");
fptr,"%7d ",tn[i] [j]);
}
fclose(fptr);
e
else printf("file error");
drawg() {
int tmp,i,j,k,x,y,dx,dy,mntn=4095,mxtn=0;
for(i=0;i<MX;i++)
for(j=0;j<MY;j++){
if (mntn>tn[i] [j]) mntn=tn[i] [j];
if (mxtn<tn[i][j]) mxtn=tn[i] [j];
if (mntn==mxtn) mxtn=mntn+l;
for(i=0;i<MX;i++){
dx=350.0*0.8/MX;
dy=650.0*0.8/MX;
x=350-i*dx;
y=250-i*10*dx/17.0;
moveto(newx(x),newy(y));
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for(j=0;j<MY;j++){
tmp=y+(float) (tn[i] [j]-mntn)*500.0/ (mxtn-mntn);
lineto(newx(x+j*dy),newy(tmp));
}
lineto(newx(x+j*dy),newy(y));
}
pictrl() /* Tip feedback servo */
{
int erv;
static float dati;
long cdat;
printf("Got to PI control\n");
erv=-(ref-dat.word); /* change for the
dati=dati+erv*ki;
cdat=2047+erv*kp+dati;
if (cdat<0) {
printf("Servfo error: Decrease kp!
ern=30;
cdat=512;
if (cdat>4095)
dati=dati-cdat+4095;
cdat=4095;}
*/
inverted filter */
/* Z command */
dat.word=cdat;
outp(BAS DAR+8, dat.wd.low);
outp(BAS_DAR+9, dat.wd.high);
xyctrl(x,y) /* move tip */
int x,y;
s
static int bx=0,by=0;
tn[x] [y]=dat.word;
X command */
(bx!=x)
dat.word=x+2047+ofx;
outp(BAS DAR+2, dat.wd.low);
outp(BAS DAR+3, dat.wd.high);
bx=x;
/* Y command */
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if (by!=y)
dat.word=y+2047+ofy;
outp(BAS DAR+4, dat.wd.low);
outp(BAS DAR+5, dat.wd.high);
by=y;
xyctrl2 (x, y) /* move tip */
int x,y;
i
static int bx=0,by=0;
tn2 [x][y] =dat .word;
X command */
(bx!=x) {
dat.word=x+2047+ofx;
outp(BASDAR+2, dat.wd.low);
outp(BAS DAR+3, dat.wd.high);
bx=x;}
Y command */
(by!=y) {
dat.word=y+2047+ofy;
outp(BAS_DAR+4, dat.wd.low);
outp(BAS_DAR+5, dat.wd.high);
by=y;}
ptrs () /* parameters set */
int i,j;
float tvf,reff;
printf("Input tip voltage (v>
scanf("%e",&tvf);
/* tv=10*tvf/2.5*2048+2047
/* change made because D/A board
/* tv=-tvf/2.5*2048+2047;
tv=tvf/10.0*2048+2047;
/* tv=tvf/10.0*4096; from
printf("Input ref voltage (v)
scanf("%e",&reff);
ref=reff/10.0*2048.0+2047;
") ;
; */
was directly connected to the tip */
*/
/* from -10v to 10v */
Ov to 10v */
,");
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printf("Input kp ");
scanf("%e",&kp);
printf("Input ki ");
scanf("%e",&ki);
printf("Input offset X ");
scanf("%d",&ofx);
printf("Input offset Y ");
scanf("%d",&ofy);
printf("\n");
printf("Please confirm\n");
printf("tip voltage : %d\n",tv);
printf("ref voltage : %d\n",ref);
printf("kp : %e\n",kp);
printf("ki : %e\n",ki);
printf ("offset X : %d\n",ofx);
printf("offset Y : %d\n",ofy);
printf("\n");
}
initdac() /* initialize D/A */
{
int i;
dat.word=tv;
outp(BASDAR,dat.wd.low);
outp(BAS DAR+1, dat.wd.high);
dat.word=2047+ofx;
outp(BAS DAR+2, dat.wd.low);
outp(BASDAR+3, dat.wd.high);
dat.word=2047+ofy;
outp(BAS DAR+4, dat.wd.low);
outp(BASDAR+5, dat.wd.high);
dat.word=BSV;
outp(BAS DAR+8,dat.wd.low);
outp(BAS DAR+9,dat.wd.high);
/* I/O initialize */
outp(BAS DAR+Oxf,0x99);
gmode()
{
setvideomode (ERESCOLOR);
getvideoconfig(&scrn);
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clearscreen( GCLEARSCREEN);
maxx=scrn.numxpixels-1;
maxy=scrn.numypixels-1;
}
int newx(int xcoord)
{
int nx;
float tempx;
tempx=((float)maxx)/1000.0;
tempx=((float)xcoord)*tempx+0.5;
return((int)tempx);
}
int newy(int ycoord)
int ny;
float tempy;
tempy= ( (float)maxy)/1000.0;
tempy=(1000.0-(float)ycoord)
return ((int)tempy);
}
initadc ()
*tempy+0.5;
/* initialize A/D */
int i;
/* stop */
outp(COM_REG,CSTP);
i=inp (DAT REG);
/* clear */
while(((inp(STS REG)^WT WT)&WT WT)==OxO);
while((inp(STS REG)&COM WT)==OxO);
outp(COM REG,CCLR);
/* sampling time set */
while(((inp(STS REG)^WT WT)
while((inp(STS REG)&COM WT)
outp(COM REG,CCLK);
dat.word=PRD;
while(((inp(STS REG)^WT WT)
outp(DATREG, dat.wd.low);
while(((inp(STS REG)^WT WT)
outp(DAT_REG, dat.wd.high);
&WT WT)==OxO);
==OxO);
&WT WT)==OxO);
&WT WT)==OxO);
/ * DMA set
outp(ll,DMAMOD);
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outp(12,0);
outp(BAS_REG,DMA BSL);
outp(BAS REG,DMA BSH);
outp(CNT_REG,0);
outp(CNT REG,0);
outp(PAG REG,DMA _PAG);
outp(10,DMA CHN);
*/
/* set "A/D parameter set command" */
while(((inp(STS REG)^WT _WT)&WT _WT)==0x0);
while((inp(STS REG) &COMWT)==0x0);
outp(COMREG,CSAD);
/* A/D gain set */
while(((inp(STS REG)^WT WT)&WTWT)==0x0);
outp (DATREG,ADGAIN);
/* A/D start/end channel set */
while(((inp(STS REG)^WT WT)&WT WT)==0x0);
outp (DAT REG,ADSCHN);
while(((inp(STS REG) ^WT WT)&WTWT)==0x0);
outp(DAT_REG,ADECHN);
/* dummy write ... # of conversion for non-cont mode */
while(((inp(STS REG)^WT WT)&WT WT)==OxO);
outp(DAT REG,5);
while(((inp(STS REG)^WT WT)&WT WT)==0x0);
outp(DATREG,0);
/* A/D PIO continuous mode set */
while(((inp(STS REG)^WT WT)&WT WT)==0x0);
while((inp(STS REG)&COM WT)==OxO);
outp(COMREG,CRAD);
I
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